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Abstract 


From July 1986 to July 1991, a joint MIT-SNL research team developed a 
controller capable of safely raising reactor power by approximately five orders of 
magnitude in a few seconds. This controller was experimentally demonstrated on the MIT 
Research Reactor (MITR-II) as well as on the Sandia National Laboratories’ Annular Core 
Research Reactor (ACRR). This controller's intended application is for the control of 
spacecraft nuclear reactors. However, it also has direct application for the control of 
military, commercial, and research reactors. 


This report is concerned with a method for enhancing the controller's performance 
through the development of an improved model to validate estimates of the magnitude of 
reactivity feedback effects. The focus is on the Doppler effect but the resulting model is 
applicable to other types of reactivity feedback such as that associated with the thermal 
effects of a hydrogen coolant. The specific accomplishments of this report include: 


1. The development of a reactor model that generates analytic values of reactivity 
resulting from reactor temperature variation. 


2. The development of an adaptive estimation routine to correct deficiencies in the 
reactor model so that the model generates the validated estimate of reactivity in 
real time. (Note: For the purpose of this report the inverse kinetics estimate of 
reactivity is assumed to be correct). 


3. Application of a parity space approach to provide for validation of assumed 
independent reactivity inputs. 





4. Performance of system analysis to determine the minimum number of sensor inputs 
to implement the closed form control laws and still allow for automated fault 
diagnosis. 


5. Demonstrations of the adaptive estimation routine for reactivity. 
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1. Introduction 


1.1 Objectives 


This report describes the theoretical analysis and evaluation through computer 
simulations of an improved reactivity estimation and validation scheme. The use of an 
adaptive reactivity model represents a potential improvement to the MIT-SNL Period- 
Generated Minimum Time Reactor Neutronic Power Controller [1]. The MIT-SNL 
control scheme has been successfully demonstrated on both the MIT Research Reactor 
(MITR-IT) and the Sandia National Laboratories’ Annular Core Research Reactor 
(ACRR). These demonstrations showed the controller to be capable of changing reactor 
power by approximately five orders of magnitude in a few seconds. Thermal feedback 
reactivity is one of several inputs required to determine the proper rod control response to 
achieve a desired power level. Experiments conducted on the Annular Core Research 
Reactor (ACRR) during the period July 1986 to July 1991 revealed that estimates of the 
thermal feedback reactivity calculated via correlation to measured reactor fuel temperature 
were not always accurate. These inaccuracies were traceable to time delays associated 


with the temperature measurement process [2]. 


The reactivity estimation routine developed here uses an energy deposition model 
with reactor power as its input signal. In addition to incorporating a more responsive 
input signal, this reactivity estimation routine makes use of adaptive Kalman estimation. 
This corrects the model for errors in the time-dependent behavior of the feedback 
reactivity model's thermal-hydraulic parameters. The input to the Kalman estimation 


routine is a reactivity signal obtained by applying the parity space validation approach to 
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three reactivity signals that are assumed to be independent [3]. Chapter Two discusses 


the source of these signals. 


A system analysis of the MIT-SNL Controller is also made to determine the 
minimum number of sensor inputs necessary to implement the MIT-SNL closed form 


control laws and allow for automated fault diagnosis. 


1.2 Background 


This report deals with an enhancement to the MIT-SNL period-generated, 
minimum-time reactor neutronic power controller. This controller's intended use is for the 
control of spacecraft nuclear reactors. However, it also has direct applications for the 
control of military, commercial, and research reactors. The theoretical analysis of the 
adaptive reactivity estimation model is generic in derivation. The simulations for model 


verification use the Annular Core Research Reactor for implementation. 
1.2.1 The MIT-SNL Minimum-Time Controller 


The MIT-SNL minimum-time neutronic power controller has as its basis the MIT- 
SNL minimum-time control laws. The derivation of the minimum-time control laws, their 
implementation as the basis for a reactor power controller, and the subsequent 
experimental evaluation of the controller are described in detail in "Formulation and 
Experimental Evaluation of Closed-Form Control Laws for the Rapid Maneuvering of 
Reactor Power" and "Startup and Control of Nuclear Reactors Characterized by Space- 
Independent Kinetics". These reports, by Dr. John A. Bernard Jr., trace the MIT-SNL 


minimum-time neutronic power controller through its development and initial experimental 





evaluation. The current status of the controller is given in two recent publications [4,5]. 
The MIT-SNL_ control laws are a form of period-generated control. The latter is a 
technique developed at MIT for the purpose of adjusting reactor neutronic power in a 
rapid yet safe manner. It is a method for tracking trajectories that are defined in terms of a 
demanded rate and has been shown through experiment to offer superior performance as 
compared to other forms of model-based feedforward/feedback control [6]. There are 
four major steps in its implementation. First, an error signal is defined by comparison of 
the observed process output with that which was specified. Second, a demanded inverse 
period (a velocity) is generated in terms of the error signal. Third, the demanded inverse 
period is processed through a system model to obtain the requisite control signal. Fourth, 
the control signal is applied to the actual system. Advantages to period-generated control 
are that it is readily implemented, that it is model-based and hence can be applied to non- 
linear systems, and that the resulting control laws may approach time-optimal behavior for 
the special case of rate-constrained processes. The calculational sequence to apply period- 


generated control is as follows: 
1. Determine the error between the observed and specified reactor powers. 
2. Calculate the period needed to return the error to zero. 


3. Obtain the rate of change of reactivity needed to generate the period calculated 
above. This is done by processing the calculated period using an inverse kinetics 


reactivity model of the reactor. 


4. Apply the calculated rate of reactivity to the reactor via the reactivity control 


system. 
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Implementation of this calculational sequence requires that both the net reactivity 
and the rate of change of reactivity associated with thermal feedback be known. 
The adaptive reactivity model will provide a signal source for the rate of reactivity 
change due to thermal feedback as well as providing a feedback reactivity signal 
to a reactivity balance. This reactivity balance will supply one of three reactivity 
signals needed for reactivity validation. The use of the adaptive reactivity model 


for use in the MIT-SNL Neutronic Power Controller is shown in Figure 1.2.1-1. 


15 





Jamog 


1032e ay] 


AGLId 












IOUT 
augnoy aaniauoy| Jq | Aanoeay 
Jajaure reg wpPeqpsIay 
[Spo [euLragqy 


amjeladuiay [any 














ie SME'T 

mS jonu0; uOnEPTEA 

1039832] INS-LIA Aaqoeay SIHIUTY ISIVAUT 
posey [Poll powzay] stsayjutg 


Pos UBUTILOSUuy 


AWAY 
poy 








uogisog 


Ped 


Ayagoeay 
weqpaay 
jeuriayy, 


WEISBIG] YIO[ 19[J0.13U0D FIMOg NUOANIN 40JIVAY [-] 7°] Vandy 


16 





1.2.2 Annular Core Research Reactor 


The equations that comprise the adaptive reactivity model are generic. However, 
the model simulations and subsequent software development that was done to evaluate the 
model are applicable to the Annular Core Research Reactor (ACRR) that is operated by 
Sandia National Laboratories. This was done to support continued controller evaluation 


and testing at the ACRR. 


The ACRR ts a modified TRIGA. Its core contains two hundred thirty-six UQO> - 
BeO fuel elements arranged to form a hexagonal grid around a 23 cm annulus. The 
reactor 1s capable of operating in either a steady-state or a pulse mode. The maximum 
allowed power level for steady-state operation is two megawatts. Limits for pulse mode 


operations are 1800° C. fuel temperature and 500 MJ of total energy per pulse. 


The ACRR fuel elements are of a unique design. The fuel pellets are formed in 
two concentric rings about a center void. These fuel pellet rings are loaded into 
corrugated niobium cups. The niobium forms a refractory inner liner to retain the heat 
generated by the fission process and thereby ensure rapidly rising fuel temperatures. This 
is a safety feature because the fuel possesses a large negative reactivity coefficient which 
maybe used to shut the reactor down following a reactivity pulse. The reactivity 
coefficient of the fuel is further described in Chapter Three. A cut away view of the 


ACRR Core is shown tn Figure 1.2.2-1. 
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Figure 1.2.2-1 Cutaway View of ACRR Core 





1.3 Organization of Report 


This report describes the theoretical analysis and simulation evaluation for the 
adaptive reactivity model for the enhanced operation of the MIT-SNL neutronic power 
controller. Chapter Two defines the methods of reactivity measurement used for 
implementation of the neutronic power controller. It also develops the equations used to 
implement the reactivity balance model for predicting feedback reactivity from reactor 
temperature variations. Chapter Three derives the equations needed to implement the heat 
deposition model of the reactor core that was used to generate analytic values of fuel 
temperature. Chapter Four develops the estimation routine needed to obtain the reactivity 
model adaptation to compensate for modeling errors and the time-varying nature of the 
thermal-hydraulic parameters. Equation derivations cover the basic principle of minimum 
variance estimation, Kalman estimation, and the extension of Kalman estimation 
techniques to non-linear systems. Chapter Five describes the simulations used to verify 
the effectiveness of the modeling techniques proposed for use in the adaptive reactivity 
model. Chapter Six describes the parity space validation used to estimate the reactivity 
from three independent sources. Chapter Seven addresses the FORTRAN program 
implementation of the adaptive reactivity model. Chapter Eight covers the final simulation 
of the FORTRAN program implementation of the reactivity balance model. Chapter Nine 
discusses sensor optimization for the minimum-time control laws. A system analysis is 
performed to determine the minimum sensor requirements for performing automatic 
system fault detection. Chapter Ten discusses areas of future research that would further 
enhance the operation of the adaptive reactivity model. The appendices contain sample 


input and output files used for reactivity model simulations. 





2. Nuclear Reactor Reactivity Model 


As described in Chapter One, determination of accurate values of both the thermal 
feedback reactivity and the net reactivity is required to implement the MIT-SNL period- 
generated minimum time control laws. In addition to these reactivity inputs, it is also 
necessary to establish the net rate of change of feedback reactivity. This permits 
calculation of the proper control signals for implementing reactor power transients. This 
chapter addresses the issues and methods of reactivity measurement used for reactor 


power control. 


2.1 Definition of Reactivity 


The "effective neutron multiplication factor", Keff, is used to characterize the 
state of a nuclear reactor. Keffis the ratio of neutrons produced from fission to those that 
are lost through leakage or absorption. Thus, for a critical reactor Keff would have a 


value of unity. Reactivity can be defined in terms of Keff. This definition 1s: 


_ Keff -1 P 
ep = ~~ Keff_ Cy) 


where p is the reactivity [7]. The reactivity can be thought of as the fractional deviation of 
the neutron population in the reactor per neutron generation or lifetime. It should be 


noted that both Keff and p are global properties that pertain to the reactor as a whole. 
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Reactivity is dimensionless, and is therefore usually expressed as a percentage. 
Reactivity may also be given as a multiple of the effective delayed neutron fraction, Beta. 
For example, a reactor with an effective delayed neutron fraction of 0.0073 and a 
reactivity of 0.0025 percent, would have reactivity of 0.342 Beta. Another system of 
“units” is dollars and cents with one dollar of reactivity being the equivalent of 1 Beta of 


reactivity. In the above example, the reactivity would be referred to as 34.2 cents of 


reactivity. 


The above definition includes the time-dependence of reactivity. It should be 
noted that a more complete definition of reactivity would address both spatial and energy 


dependence. A definition of reactivity in terms of position, energy, and time is given in the 


following equation [8] : 


JdvjdE W(r,E)[VD(r, E,)V% (1,E,t) - Ab (1,E,t) + Ex! (E) F/8 (1, £,0)] 


p(t) = ; J 
{dvjdE W(r,E) ¥x)(£) F/ (1, E,t) 
j 


(21) 
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In this equation A and F are integral operators defined through their Operation on 
any function f (r,E,t) with j denoting a particular fissionable isotope. These equations for 


the integral operations are [9] : 


Af =, (r,E,t) f(r,E,t) -|%,(1,E'> E,t) f(r, E’,t)dE' (2163) 
0 
Fif= Jedi, Ey f(r,E',t)dE' (es 


0 
The remaining symbols are defined as: 
W(r,E) is the weighing factor for "Neutron Importance", 
D(r,E,t) is the diffusion coefficient, 
@ (r,E,t) is the neutron flux density, 
x(E) is the fission spectrum, 
L(r,E,t) is the total macroscopic cross section, 
X<(r,E'>E,t) is the macroscopic scattering cross section, and 
Lr, Et) is the macroscopic fission cross section. 


The concept of reactivity as a time-position and energy-dependent quantity is 


important when developing methods for reactor reactivity estimation. A given estimation 
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method may assume reactor properties to be constant in energy throughout the core. 
While this may not be incorrect for a given set of reactor conditions, it must be recognized 


as a limitation of the method employed. 
2.2 Assumptions In Reactivity Estimation 


Presently two methods of reactivity measurement are widely employed. These are 
inverse kinetics and reactivity balances. These are further discussed in section 2.3. The 
major assumptions associated with these methods lead to the conclusion that reactivity can 
be calculated only as a function of time. The energy dependence in the inverse kinetics 
method is eliminated by use of the effective delayed neutron fraction, 6;. This method 
allows the energy dependence of the delayed neutrons to be described by the ratio of the 
"instantaneous" weighted rate of delayed neutron production divided by _ the 
"instantaneous" weighted rate of all neutron production due to fission [10]. The spatial 
dependence in the inverse kinetics method is eliminated through the assumption that the 
neutron flux, ®, is a product of the flux shape, S, and a flux amplitude function, T. This 


relation is given by the following equation: 


S(r,E,t) T(t) = ®(r1,E,t) (2221) 


Thus, if the flux shape is assumed not to change, and appropriate weighting functions are 
chosen, the estimation of the flux will be given by the amplitude function which depends 


on time alone. 


The reactivity balance method also employs energy and spatial assumptions. The 
standard procedure is to determine reactivity coefficients through a specific experiment 


and/or theoretical calculation and then to apply these coefficients to a vanety of reactor 
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conditions. In reality, the coefficients are only accurate for the given reactor flux shape 
and the set of conditions present when the coefficient calculation or measurement was 
performed. Comparisons of reactivities determined using different methods and 
assumptions must be carefully analyzed. Failure to ensure the validity of the underlying 
assumptions used in reactivity measurement could lead to an incorrect estimation of 
reactivity. 


2.3 Reactivity Measurement Methods 


The reactivity methods considered here for reactivity estimation and validation are: 


e Inverse Kinetics 
° Reactivity Balances 


¢ Instrumented Synthesis 


2.3.1 Inverse Kinetics 


- 


The Inverse Kinetics method of reactivity measurement is based on the space 


independent reactor kinetics or "point kinetics equations" [11]. These equations are: 


dT(t) 


p(t) -B 
dt A (t) d Gi (0 W) ( 
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dC | (t) 


B; 
= —T(t)-A C(t ford — 12.441 2.3.1-2 
dt A (t)-A,C; (t) ( ) 

where: T (t) is the neutron integral weighted flux amplitude function, 

Q (t) is the neutron weighted integral extraneous source term, 

p (t) is the net reactivity, 

B is the effective delayed neutron fraction, 

B. is the effective fractional yield of the i th group of delayed neutrons, 

A is the prompt neutron lifetime, 

\j is the decay constant of the i th precursor group, 

C; (t) is the concentration of the i th precursor group, and 

] is the number of delayed neutron groups. 


If these two equations are combined and if the extraneous source term is neglected 


the following equation for reactivity is obtained: 


SON | cy Ea Ee 
r= TO} dt Le dt 


(2GH1E3) 





This method can be easily implemented through the direct measurement of reactor 


power. These measurements are then used to obtain the neutron amplitude function, T (t), 


2 





which can then be used to estimate the precursor concentrations. The reactivity can then 


be determined. This implementation is displayed in Figure 2.3.1-1 [12]. 


2.3.2 Reactivity Balance Method 


The reactivity balance method is easily implemented. Normally, it relies on 
identification of those reactor parameters that can have an effect on the reactor's effective 
neutron multiplication factor, Keff. These parameters may include fuel and moderator 
temperatures, control rod position, xenon concentration, and others. For each of these 
parameters, a reactivity coefficient is determined via experiment or theoretical calculation. 
A comparison of each parameter to its initial reference value is then made. This reference 
state is usually the condition that exist with the reactor critical at some steady-state power 


level. This allows a value of zero for the reactivity reference state. 
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The net reactivity in the reactor for a deviation from the reference state can then be found 


by using the following relation [13] 


dr 
Oral) = by = | cen 23.28) 
i dq}, "1 
where: p (t) is the net reactivity, 

p;(t) is the reactivity due to the i th parameter, 

dp ; oe . 

30 is the reactivity coefficient for the 1 th parameter, and 

i 

00 i (t) is the deviation of the 1 th reactor parameter from its 


reference value. 


It should be noted that for reactor transients conducted over a short duration it is 
possible to neglect the effects of parameters that have very small reactivity addition rates. 
This would permit a simplified version of the reactivity balance involving the sum of the 
reactor thermal feedback reactivity effects and the reactivity associated with control rod 


¢ 


movement. 
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— 
- 


This simplified reactivity balance can be implemented using the following relation: 


p(t) = 


where: 0 z 


OOF 


a8 mod 


dp rods 
0Z 

dp fuel 
d6¢ 





dp mod 
96 mod 





dp 6p 6p 
rods dz + fuel 56 a _mod 56 
f mod QBe 2) 


is the control rod travel from the reference position, 


is the change in the average fuel temperature from the 
reference state, 


is the change in the average moderator temperature from the 


reference state, 


is the differential control rod worth at a given position, 


is the fuel temperature coefficient of reactivity at a given 
temperature, and 


is the moderator coefficient of reactivity. 


This simplified reactivity measurement method is implemented by determining the 


differential rod worth for the controlling rod group and the thermal reactivity coefficients. 


The change in rod position, fuel temperature, and moderator temperature can be obtained 


either directly from reactor plant instrumentation or via calculations using analytical 


reactor models. This implementation 1s shown in Figure 2.3.2-1. 
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2.3.3 Instrumented Synthesis Method 


A third method for reactivity measurement is presently being investigated. This is 
the Instrumented Synthesis Method. This work is being pursued under the direction of 
Professor Allen F. Henry, Professor David Lanning, and Dr. John A. Bernard at MIT. 
The technique will employ continuous data from distributed in-core detectors to evaluate 
local core power distributions thereby allowing the global reactivity to be calculated [14]. 
The basic concept of the method is to estimate the instantaneous local neutron flux 
through the use of a linear combination of pre-computed, three-dimensional, static 
expansion-functions that bracket an expected reactor transient. The time-dependent 
coefficients of these functions are found by requiring the reconstructed neutron flux to 
agree with the locally obtained count rates from the in-core neutron detectors. If properly 
selected, these expansion-functions will account for variations in flux shape during 
transients. This leads to a potentially very accurate prediction of core power distribution 
and calculated global reactivity values without the spatial limitations of methods such as 
space-independent kinetics. A detailed explanation of this method is given by R. P. 
Jacqmin in the 1991 report "Combined Use Of In-Core Neutron Detectors and 
Precomputed, Three-Dimensional, Nodal Flux-Shapes Neutron Distribution In Light- 


Water Reactors" [15]. An excerpt from this paper is provided in Appendix E. 
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2.4 Chapter Summary 


The net reactivity, the rate of change of reactivity, and the precursor distributions 
characterize the power response of a nuclear reactor. Values of these parameters are 
needed to implement automated reactor control methods. The three methods considered 
here for reactivity measurement are Inverse Kinetics, Reactivity Balances, and 
Instrumented Synthesis. The use of these three "independent" methods of reactivity 
measurements for reactivity signal validation is discussed in Chapter Six. Considered next 


are the thermal-hydraulic relations required to implement a reactivity balance model. 
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3. Thermal-Hydraulic Reactor Model 


In order to implement a reactivity balance model of a nuclear reactor it is necessary 
to develop an analytic method for predicting changes in the temperatures of the reactor 
fuel and moderator. This chapter details the theoretical development of an energy 


deposition model of a nuclear reactor fuel and moderator. 


3.1 Energy Deposition Model 


The basis of the thermal-hydraulic reactor model is a heat deposition model of the 


reactor core. These heat balance equations are [16]: 


Rate of Heat Rate of Energy Rate of 

Energy Change | = | Depositionin the | — | Heat Energy Loss 

in the Fuel Fuel From Fission To Cooling Media (3.1-1) 

Rate at 

Rate of Rate of Heat Rate of Heat Reece 
Heat Energy Energy Deposition Energy Transfer pie 
Change for = | for Moderator within the Corg + | from Fuel to — | Carried From 
Moderator from Fission ceIaIO The Core 
within the Corel —_ | (Gamma Heating) | within the Core | By M odenion 


(Gn) 





The individual blocks of these equations were developed by Professors Neil E. 
Todreas and Muyid S. Kazimi in their text "Nuclear Systems I - Thermal Hydraulic 
Fundamentals" [17]. They use a lumped parameter integral approach to develop a 
simplified set of equations for the fuel and moderator rate of energy change in terms of 
material temperatures. These equations use core-averaged parameters for the material 
thermodynamic properties as well as core-averaged material temperatures. The use of an 
average material temperature assumes a linearly-developed temperature profile within the 


material. These individual block relations are: 


Rate of Heat 





56 fuel 

Energy Change} = p fuel fuel p, oe 
in the Fuel a (G.1-3) 
Rate of Heat 56 
Energy Change = P nod’ mod“ p ay 
in the Moderator mes (3.1-4) 
Rate of Heat 
Energy Deposition ob 

gy Depo = (1- Ye x fuer De® V fuel va) 


in the Fuel From 
Fission 
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where: ° mod 


P fuel 


P fuel 


C 
Pruel 


Rate of Heat Energy 


Deposition from Fission mae fuel “Ff ee 


in the Moderator (+ heating) (3.1-6) 


Rate of Heat Transfer 


Loss / Gain by = A co} (6 fuel evel) 


Fuel / Moderator (3. ley) 


Net Rate of Energy Loss 


Ree = in _ yout 
by Moderator within the co eee (Cas lee) 


Core via Moderator Flow (3.1-8) 


is the average moderator density, 


is the average lumped fuel material density, 


1s the average lumped fuel material heat capacity, 


is the average moderator heat capacity, 
is the lumped fuel materials surface area, 


is the overall heat transfer coefficient for the fuel material to the 
coolant, 


is the percent of thermal energy from fission deposited in the 
moderator via gamma heating, 
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X¢ 
tuel is the average lumped fuel recoverable energy per fission, 


aT is the macroscopic cross section for fission, 

® is the average core one group neutron flux, 

e 

M is the mass flow rate of the coolant, 

6 fuel is the average fuel temperature, 

6 mod is the average core moderator temperature, 
in 

6 mod is the moderator inlet temperature, and 

Bae is the mod | ich i 7 
ee is the moderator outlet temperature which ts defined as: 


In out 
Gerad) ae aul + @ nod 
2 


” 


Equations 3.1-5 and 3.1-6 can be further simplified by assuming a constant flux 
shape, S(r,E), during transient operations. This implies that the neutron flux ® is 
proportional to the observed reactor power that is sensed via neutron leakage detection. 
Thus, within the limits of space independent kinetics, we can replace x pu cPVe with 


the observed reactor power, N(t). In the case of a pool type reactor, it would be 


advantageous to eliminate the Dlenee term. The moderator outlet temperature may be 


difficult to obtain accurately while the moderator inlet temperature or pool temperature 
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may be readily sensed. Re-writing equation 3.1-8 in terms of gin oa Gpool and 


6 mod yields the following: 


Net Rate of Heat Loss 
by Moderator due to = 2MC ri) —§ 
vi se ( mod poo! ) 


Coolant Flow (3.1-9) 


This relation assumes a fully developed coolant flow and a constant axial heat flux. The 
overall heat balance equations represented by 3.1-1 and 3.1-2 can now be written as 
follows: 


56 rm A 
pusnel ys (1 —y)N(t) “Ag eph(6 fuel ~9 mod) 


Pe Aas Be 
ECE Le canor't (3.1-10) 


6 9 mod = 
p V ——~ = yN(t) + A,h —A — 2MC ry —6 
(ale tt) 
where: N(t) is the observed reactor power, and 
6 
Jean 1s the sensed reactor pool temperature. 


Applying these equations over a discrete time step, dt, allows the temperature at 


a future time (K+!) to be calculated from the present time (K) values of 


O fuel, 1, Mod, and O85) . These discrete time equations are: 


gu) 





fiat a Ale = an n 
Tiel ~ Ofc * |, Oimod ~ FFuer) + KN] ay) 











n+l _ an mien. 1 i. an ny, {pn S40 
gitl _ 4 +3[K,(0%, 6g) tKAN K.( 07 061) 


mod mod 
(3.1-13) 
A fh 
where: K, a eran ee (3.1-14) 
P fuel” fuel P pel 
K. = ees ee) GEIS 
2 p Vine 
fuel fuel P pel 
A fh : 
K, = — a en (3.1-16) 
? mod ‘mod ee 
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K, = ——_1____, and Guein) 


0 Vo 
mod mod [oe 


2M 
P mod ‘mod 


3.2 Model Limitations 


These discrete time equations form a linear system model for fuel and moderator 
temperature prediction. This model assumes that the core-averaged lumped thermal 
parameters are constant with temperature. This is not an accurate assumption for 
transients that cause large temperature changes. For model accuracy, it is necessary to 
ensure that the thermal parameters are properly modeled as functions of either moderator 


or fuel temperature. 


The temperature dependence of the core thermal parameters causes the thermal- 
hydraulic model of the reactor to become non-linear. This non-linearity complicates the 
estimation of model parameters for use in model adaptation or self alignment. A method 


for achieving model adaptation or self alignment is discussed in Chapter Four. 
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The energy deposition model also relies on the previously stated assumptions of. 
¢ Constant flux shape 
¢ Linearly developed temperature profiles 
¢ Fully-developed constant flow 


e Constant radial heat flux 


Prior to model implementation, for a given reactor design, it is necessary to verify 
the accuracy of the models integral lumped parameter approach. The comparison of this 
energy deposition model to a discrete finite element system model is performed in 


Chapter Five. 
3.3 Chapter Summary 


In this chapter a generic energy deposition model of a reactor core has been 
developed. This model is capable of tracking fuel and moderator temperatures during 
reactor operations. The model uses lumped, integral, core-averaged thermal-hydraulic 
parameters and assumes a linear, fully-developed, temperature distribution throughout the 
fuel and moderator. While generically developed, the final relationship, equations 3.1 -12 
and 3.1-13, are specially tailored for the modeling of a pool type reactor. Model inputs 
include the initial moderator temperature ORS). initial fuel temperature (0  _)), 
reactor power (N), and reactor pool temperature Y 500 ? at discrete time intervals. The 
model is linear for constant thermal-hydraulic parameters and provides a suitable basis for 
use with model-adaptive or self-aligning routines. However, the temperature dependence 


of the thermal-hydraulic parameters in the model required to operate over an extensive 
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temperature range introduces a non-linearity which greatly effects the method of model 
adaptation. The following chapter examines a method of adaptive self-alignment for a 


non-linear system model. 
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4 Reactivity Model Adaptive Routine and Parameter Estimation 


In Chapters Two and Three, models were derived for predicting reactor fuel and 
moderator temperatures as well as reactivity. These models were based on energy 
deposition relations that use integral, lumped, core-averaged thermal-hydraulic parameters 
coupled with a reactivity balance model. These model parameters were a function of the 
material's temperature. Values for these parameters are obtained either by theoretical 
calculation or through experimentation on the reactor being modeled. Dunng reactor 
operation, the actual values of these parameters could vary slightly from those orginally 
obtained. Should this occur, it would be advantageous to allow the model to adapt to 
these parameter changes. This chapter details a method for model adaptation by use of 


minimum variance estimation in the form of an extended Kalman Filter. 
4.1 Minimum Variance Estimation 


We can develop a system estimation scheme in terms of system parameters, X, and 
system outputs, Y. Such an analysis 1s described in "Optimal Filtering" by Bran D. 
Anderson and John Moore [18]. A possible estimation scheme is shown in Figure 4.1-1. 
As an example, we might examine a solution of form Y = AX = ajx] + © © © + anXp 
where A is an m x n matrix and X is the state vector. We can define any error inherent in 
this system by an error term (e) wheree = Y - AX. As an estimator of x we could 
choose the criteria to minimize the variance of the square error. (i.e. min, ¥ e;). This 


type of estimation is known as a "Least Square Error" estimation. 


42 








1OJVWHSY 
0} jnduy 


1OJEWNSY JO 
Indjng = 3eWInsy 


AOJVUUNSY WISAS 


(-)y 





<* 


JOJBWISY WI}ISAS PABPUBIC [-]*p INDY 


43 





The solution [19] to this minimization is easily shown to be : 


A 
x =(Alay aly (4.1-1) 


This result lends itself to recursive parameters estimation. One such type of method is 


Kalman Filtering or Kalman Estimation. 


4.2 Kalman Estimation 


The Kalman Estimation technique can be applied on a discrete system such as the 


following: 
Xk+] = FeX_ + GWE (4.2-1) 
z, =HIx, +¥ (4.2-2) 
k kk k 
where: k is the discrete time step, 
xX is the system state, 
Z is the system output, 
ViEWk are the white noise signals, and 


Fy, Gy, are the system descriptive matrices. 
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The recursive equations for estimating the system state are derived as follows [20]. 


eens H, (H! y How R 
: Kok “kik=— | 
k/k-l 


Lik a Lik — 1 : ae he ley k Wk Hy aan W) byt k “Kk = 1 


(4.2-4) 


A 
X = [F, -K,HT] Xiyk-1 + K,Z 


Kk 


(4.2-5) 


ai 
: _ T r T T 
mk — 1 AEE ated = ie] a we R, | FE py i ee 


(4.2-6) 
=" 
ae Hy HEE yk ta t Ry 
(4.2-7) 
k 
SS ee 
eS en eS 
0 
(4.2-8) 
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where: vk 1s the error covariance matrix, 
Ri is the state covariance matrix, 
Qk is the reciprocal of the state covariance matrix, 
Ky is the Kalman gain matrix, 
Ry, 18 the noise covariance matnix, 
k/k is the solution at time k calculated with k known values, 
k+1/k 1s the solution at time k+1 calculated with k known values, and 


k/k-1 1s the solution at time k calculated with k-] known values. 


The Kalman estimator can be initialized by selecting ¥9/.) = Po = (Fo! Fo):!. 
Equations 4.2-3, and 4.2-4 can be viewed as the estimator equations. They determine the 
best estimate of the state, x, and the difference or error covariance, },. These estimates 
are based on current system parameters and the previously estimated state and covariance 
values. Equations 4.2-5 and 4.2-6 are used to propagate the solution forward. This 
provides a means of continuously updating a system's state by means of the Kalman 
estimator routine. It should be noted that the estimator tends to become "saturated" after 
numerous samples. This could lead to a change in the system's state not being detected. 
This difficulty can be overcome by periodically reinitializing the Kalman estimator. This 


type of estimation arrangement is often termed a state observer because the model's state 
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IS estimated based on the difference between the model output and the actual system 


output. 


For linear systems, this estimation routine, produces an "optimum" estimation or 
arrival trajectory to the desired state. The calculations are greatly complicated if the 
system of equations under consideration is not linear. To estimate the state of a non-linear 
system model it 1s necessary to extend the Kalman estimator routine to handle the non- 
linearity. 


4.3 The Extended Kalman Estimator 


To use the Kalman estimator for linear systems on a non-linear system model we 


must first linearize the system equations. The system equations are now given as: 


Xp+] = fk (XK) + Bk C Xk) We (4.3-1) 


Zr =h, (Xx) + vy (4.3-2) 


These system equations are very similar to those of the linear system model given in 
equations 4.2-1 and 4.2-2 except that the system matrices are now non-linear functions of 
the systems state. To linearize these equations, a first order Taylor Series Expansion is 


used [21]. 
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For this method, the following partial derivatives are used: 











6 fe 
a, = (4.3-3) 
x - 
Se, 
Odie (ex) 
T k 
LS 43-4 
‘aera (4,3-4) 
~~ “k/k 
G, = 8. Og (4.3-5) 


Thus, neglecting higher order terms, the new linearized system of equations becomes: 


ee ere Gwe r un (4.3-6) 
7, =H! x. +4, + (4.3-7) 
k Kinky pewke eck 
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with u, and yy as error signals given by: 


UL = fi pry) ~ FX (4.3-8) 


Given these linearized system equations, the estimator equations for the Extended 


Kalman estimator can be wntten. These equations are: 


tue = yet Ly 2 = Wy yy »| (4.3-10) 
an yk fg yy g) (43-11) 
a (4.3-12) 
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Le 
Op, = AE Hy + Ry (4 3-13) 


- Tos ty ie 
ie = tae 1 7 Be 1 My TAQ Rye Ay TAY Ey 2) Hy + RAV Hy Yay 


(4.3-14) 


= ‘i Tr 
ce tk = Fa Ue Pe + Gy Q Gy (4.3-15) 


The above extended Kalman estimator uses an estimator gain, Ly, calculated in a 
manner similar to the standard Kalman estimator gain, K,. The estimator functions in the 
same manner as the standard Kalman estimator with a single exception. Specifically, 
because of the system non-linearity, the trajectory to the desired system state can no 
longer be guaranteed optimal. Variations of this extended Kalman estimator using the 
higher order terms of the taylor series expansion may improve the estimator trajectory at 


the cost of using longer, more involved estimation calculations. 
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4.4 Reactivity Model Adaptation Equation Development 


The method of state estimation using an extended Kalman estimator can be applied 
to the reactivity balance model developed in Chapters Two and Three to achieve model 
adaptation to varying system parameters. The state equation for the reactivity balance 


model can be written as follows: 


T (k + 1) ES Tp 9 po Pye y) 
a(k + 1) ay 
X(kr1) = = (4.4-1) 
b(k + 1) by 
c(k + 1) ce 


reactivity = hy (X;,) +vz 


The system's state variables are the fuel temperature and the system thermal- 
hydraulic parameters appearing in the prediction equation for the fuel temperature. Using 


the technique outlined in the previous section, we can write the linearized equations as: 


x(k +1) = Fix, + ¢ (4.4-2) 


k I 


au 





reactivity = EG, + e5 (4.4-3) 


where e; and e7 are a combination of system noise and system modeling errors. The 
equations for the extended Kalman estimator can now be directly applied. The individual 
entries in the linearized system matrices Hy, and Fy will be the partial derivatives of the 
system model equations taken with respect to the fuel temperature and the thermal- 


hydraulic parameters being estimated. In the case of Fy this is: 


OT - 6a 6b oc 
0 l 0 0 
oa 


(4.4-4) 


The noise covariance term, Ry, in equation 4.3-14 is not known for this 
application. This parameter can be reserved as a tuning parameter for the Extended 


Kalman estimator. A variety of simulations can be run using various values of Ry to 
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determine which value allows the adaptive routine to best estimate the system parameters 


while still providing robust estimator operation. 


4.5 Chapter Summary 


A method for achieving model adaptation as a means for providing model error 
correction by means of Extended Kalman estimation has been examined. The Extended 
Kalman estimation routine provides for linearizing a system model by means of a Taylor 
Series Expansion. The linearized model provides a system of equations for state 
identification. The system state consists of the Reactivity Balance Model's fuel 
temperature as well as specified thermal-hydraulic parameter coefficients that may any 
during reactor operation. The Extended Kalman estimator routine provides a means for 
estimating the best values of the system parameters needed to minimize the reactivity error 
between the modeled system reactivity and a provided reactivity signal of the reactor 


system. 
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5. Verification of the Adaptive Reactor Reactivity Model 


An adaptive reactor reactivity balance model can be constructed from the methods 
described in Chapters Two, Three, and Four. This chapter examines the construction of 
this model for the Annular Core Research Reactor at Sandia National Laboratories in New 
Mexico. Verification of the methods of the preceding chapters is accomplished through 


simulations using various computer mathematical software. 


5.1 Parameter Selection 


To employ the equations developed in Chapters Two, Three, and Four, a variety of 
reactor thermal-hydraulic and neutronic parameters were required. Many of the reactor 
parameters were obtained from a copy of Chapter Four ( Reactor Design ) of the Annular 
Core Research Reactor ( ACRR ) Safety Analysis Report ( SAR ) [22]. This copy, which 
is currently under revision, was obtained courtesy of Mr. F. Mitch McCrory of the 
Reactor Applications Department at Sandia National Laboratories in Albuquerque, New 
Mexico. In addition to the SAR reactor design data, various thermal-hydraulic parameters 
of reactor materials were obtained from material reference handbooks, such as "The 
Metals Reference Handbook" [23], "The Handbook of Applied Thermal Design" [24], 
"Thermophysical Properties of Liquids and Gases" [25], and "Nuclear Systems I" [26]. 
Thermal-Hydraulic parameters that vary with temperature were calculated as polynomial 
functions instead of using tabular data. This was done to facilitate the partial derivatives 
necessary for implementing model adaptation via the Extended Kalman estimation. The 
fuel cell dimensions and core geometry needed for calculations were also obtained from 


Chapter Four of the ACRR's SAR. 


54 





se 


) 7. 


5.1.1 Overall Heat Transfer Coefficient 


The overall heat transfer coefficient of the fuel as a function of fuel temperature and the 


coolant mass flow rate as a function of moderator temperature were obtained from the reactor 


data provided in Chapter Four of the ACRR's SAR. Table 4.3-7 of the SAR provided 


equilibrrum power, temperature, and flow conditions calculated for the ACRR [27]. These 


equillbnum conditions were benchmarked to four megawatts via reactor testing. The data 


from the SAR is provided here in Table 5.1.1-1. The table data assumes a constant inlet 


coolant temperature of 20°C. The overall heat transfer coefficient, h (watts/m2), was 


calculated at each equilibrium temperature using the following relation: 


where: P 
Tp ave 
Te exit 
236 


20 


+ 20 
036 7 = ar 0.59799 


is the reactor power (Watts), 

is the average fuel temperature (° C), 

is the moderator exit temperature (° C), 
is the number fuel cells in ACRR, 


is the moderator inlet temperature (° C), and 
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0.059799 is the heat transfer surface area of a single fuel cell (m2). 


A polynomial relation between the calculated data points was obtained using 
Microsoft Excel, a standard PC software package. This polynomial relationship is given 


by the following equation: 


4.2 


Te + TER 


3 


h = 65.021 + 0.4438T,+ 2.6x10 T; (5.1.1-2) 


§.1.2 Reactivity Feedback Coefficient 


Chapter Four of the ACRR's SAR gives individual fuel and moderator reactivity 
feedback contribution equations [28]. Additional conversations with Mr. F. Mitch 
McCrory at Sandia National Laboratories indicated that an alternate equation had been 
calculated that gave a combined thermal feedback reactivity coefficient in terms of average 


fuel temperature. 
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Table 5.1.1-1 


ACRR Calculated Equilibrium Relations 
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This relationship had been shown by ACRR tests to provide good results for reactivity 


feedback calculations [29]. This equation is: 


dp —5 

5 | ee S12 

= ( ) 
O0¢ 273 +6 Ff 0.0073 


where the reactivity coefficient is in dollars of reactivity per degree centigrade. This 
relation is used to determine the thermal feedback reactivity in the Reactivity Balance 


Model. 


5.2. Thermal-Hydraulic Model Verification 


The heat deposition model derived in Chapter Three used core-averaged 
parameters to predict the average fuel and moderator temperatures. It was necessary to 
determine if the lumped-parameter approach using average temperatures could accurately 
model the core for both rapid and slow transients. A comparison of the lumped-parameter 
model response to that of a nodal heat transfer code was made. The lumped-parameter 
heat deposition model as developed in Chapter Three was simulated using MATHCAD, a 


PC based mathematical code. The nodal, finite element modeling was performed using 
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HEATING 5, an Oak Ridge National Laboratory, finite element, heat transfer PC code 
[31]. 


5.2.1 Thermal Model Testing using MATHCAD 


A simplified version of the heat deposition equation was used to determine the 


average fuel temperature at individual time steps. This equation was: 


ox A(ON)A+ (1 — y) PK - 6% ano") 


MS Sess (55 Te sll a SES oa (5.2-1) 
f ig ak 
pVC_ fp? 
Pr 
where: 6 is the average fuel temperature, 
6 anne is the average moderator temperature, 
h(6 -) is the overall heat transfer coefficient of the fuel to the 
moderator as a function of fuel temperature, 
A is the fuel heat transfer surface area, 
P is the reactor power, 
p is the average lumped fuel density, 
V is the average lumped fuel volume, 
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Cy e 1S the average lumped fuel heat capacity, and 


At is the duration of one time step. 


Two types of transients were simulated. The first was a ramp power change from 
100 kW to two megawatts over an interval of ten seconds. Fuel temperature was allowed 
to rise to new equilibrium conditions over a time of twelve minutes. The moderator 
temperature for this transient was simulated using steady-state equilibrium values obtained 
from Table 5.1.1-1. The second transient was a rapid power spike. Power was simulated 
to nse from one watt to 6400 MW in thirteen milliseconds. Power was then simulated to 
retum to one watt over thirteen milliseconds. This produced a 6400 MW power spike 
with a half power width of approximately thirteen milliseconds. Moderator temperature, 
during this rapid power transient, was simulated constant at 20°C. Sample MATHCAD 


input files as well as fuel temperature plots are provided in Appendix A. 


5.2.2 Model Comparison Using Heating 5 


The nodal heat transfer code used for temperature response comparison was 
HEATING 5, which is a finite-element code developed by Oak Ridge National 
Laboratory. The PC version is capable of simulating 400 separate nodes. It can simulate 
various materials and allow heat transfer by convection, conduction, and radiation. The 
simulation involved constructing an input file to model an average core fuel cell [30]. Fuel 
cell geometry was specified using the material, geometry, and dimensions for the ACRR 
fuel cells as described in the ACRR's SAR Chapter Four [31]. The energy deposition in 
the fuel cell was peaked radially as described in the ACRR SAR Chapter Four [32]. The 


first transient simulated was a power ramp from 100 kW to two megawatts over a period 





of ten seconds. Temperatures were allowed to rise to their new equilibrium values as in 
the MATHCAD simulation. The moderator temperature was modeled using the method 
descnbed for the MATHCAD simulation. The second transient was a 6400 MW power 
spike with a half power pulse width of thirteen milliseconds. The moderator temperature 
was simulated as constant at 20°C. Sample HEATING 5 input and output files for these 


transients are shown in Appendix B. 


5.2.3 Discussion of Results 


The output files from the HEATING 5 analysis were used to calculate average fuel 
temperatures at each data time step. This average temperature response of the fuel is 
shown in Figures 5.2.3-]1 and 5.2.3-2. These results show very similar responses for the 
two models under both types of the examined transients. The maximum deviation 
between the two models was 1.77% during the rapid transient and 1.85% during the slow 


transient. 


The temperature profile across the fuel cell during the rapid transient was also 
examined. The Heating 5 fuel temperature profile at various time steps is shown in Figure 
5.2.3-3. This profile shows that a linear temperature profile exists even during very rapid 
transients. Also, the high degree of isolation between the fuel and cladding provide the 
thermal profile necessary to allow the use of an average fuel temperature for heat transfer 


calculations. 
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Average Fuel Temperature (C) 


Figure 5.2.3-1 Fuel Temperature Response - Slow 
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Temperature (C) 


Figure 5.2.3-2 Fuel Temperature Response - Rapid 
Transient 
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Fuel Temperature - Radial Distribution 


Figure 5.2.3-3 
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5.3 Adaptive Estimation Technique Assessment 


Section 5.2 established the proper operation of the heat deposition model for 
temperature prediction in the ACRR fuel. The operation of the Kalman Estimation 
Technique presented in Chapter Four is examined in this section. The PC-based software 
MATLAB was chosen for this assessment because it readily handled the matrix 
mathematics required for the Kalman estimation implementation. The simulation involved 
a power transient from three kW to four MW over a five second time interval. Power was 


then held level at four MW for the duration of the transient. 


5.3.1 MATLAB Simulation for ACRR Mode! 





The heat deposition model of Chapter Three was implemented using equations 
3.1-12, and 3.1-13. The thermal-hydraulic properties were developed as second order 
polynomials to allow for obtaining the partial derivatives required for model linearization. 
A data list of input power and associated feedback reactivity was obtained by running the 
heat deposition model with an appropriate power signal. Two separate input reactivity 
files were generated. The first was the calculated reactivity as generated by the analytic 
model. The second file contained the calculated reactivity values with a two percent 
random noise signal added. These two files were used to simulate system reactivity inputs 
to the adaptive Kalman Estimator routine and there-by to establish the effects of signal 
noise on estimator performance. Copies of these MATLAB input files are provided in 


¢ 


Appendix C. 
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The Kalman estimator was implemented using the equations developed in Chapter 
Four. Three key thermal-hydraulic parameters were chosen for adaptation. These 
parameters were the first-order coefficient of the heat capacity, and the first and second 
order terms of the overall heat transfer coefficient. Selection of these specific terms 
provides adjustable coefficients for the power, fuel temperature, and the squared fuel 
temperature in the heat deposition model. If these model coefficients are set to zero, there 
is essentially no heat transfer in or out of the fuel. This allows the Kalman estimator to 
derive the best values for the coefficients that "fit" the system's reactivity input signal. To 
reduce the effects of system noise on the estimated thermal-hydraulic parameters, a 
weighted-average smoothing-function was used. This output smoothing allows the 
Kalman estimator to use higher values of gain needed to develop system thermal- 
hydraulic parameters rapidly. This smoothed signal could be used to assess the 
"steadiness" of the estimated values. The estimation routine employs the following 


algorithm: 


1. Initialize estimator parameters. 


2. Obtain values of system inputs: Power, reactivity, and pool temperature. 


3. Obtain current values of model parameters: 


e Reactivity 
e Fuel temperature 
e Moderator temperature 


e Selected thermal-hydraulic coefficients for estimation. 
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4. Calculate the Kalman Estimator Gain. 


5. Estimate the "best" values of model reactivity, fuel temperature, 
thermal-hydraulic parameters to fit system inputs. 


6. Update model with estimated parameters. 


7. Repeat steps two through six until the smoothed estimated values of the 
model thermal-hydraulic parameters no longer change with each iteration. 


Sample MATLAB input files showing this implementation are provided in 


Appendix C. 


§.3.2 Discussion of MATLAB Simulation Results 





The initial simulation run involved input reactivity values with no noise. The 
Kalman estimator attempted to derive the best values for reactivity and thermal-hydraulic 
parameters based on system input reactivity. The degree of estimator success was judged 
by how closely the estimator could determine the original thermal-hydraulic parameters 
used to develop the system input reactivity. A value of 10-!° was chosen for the noise 
covariance, R, for the initial run. The sample interval was set at 50 milliseconds. The 
MATLAB output charts for this transient are provided in Appendix C. The estimator was 
extremely accurate in determining the system thermal-hydraulic parameters. After 50 
samples, the estimator had determined the system thermal-hydraulic parameters to within 


0.01 percent. 
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A simulation with system input noise set at two percent and R set at 10-!> 
produced very poor results. The estimator was not able to determine the system thermal- 
hydraulic parameters. This estimator divergence was determined to be the result of an 
excessive Kalman gain for the input noise level simulated. To reduce the Kalman gain, the 


chosen value of R was set to 1077. 


A simulation with system input noise set at two percent and R set at 10-/ 
produced a successful estimation run. It was noted that, with the reduced gain, the 
estimator took much longer to determine the system thermal-hydraulic parameters than in 
the no-noise high-gain run. After approximately 400 samples (20 seconds) the estimator 
had determined the system thermal-hydraulic parameters to within 6.18 percent. After 
approximately 1300 samples (65 seconds) the estimator had determined system thermal- 
hydraulic parameters to within 2.2 percent. Estimator accuracy continued at 
approximately two percent through the duration of the simulation. The data generation 
scheme was re-run using the estimation values obtained during the simulation. The 
generated reactivity using these estimated values fell within the 2% envelope of the 
initially calculated reactivity data) The MATLAB output charts for this simulation are 


provided in Appendix C. 


These simulations show that the estimator routine can accurately determine the 
system operating characteristics based solely upon the system input reactivity. The speed 
at which the estimator arrives at a stable solution is determined by both the amount of 
system input noise and the selected value of the noise covariance. The noise covanance, 


R, should be choose to provide the “optimum” solution. Excessively small values of R 
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lead to excessive Kalman estimator gain and divergence of estimated values. Excessively 


large values of R lead to longer solution times. 
5.4 Chapter Summary 


The verification of the adaptive reactor reactivity model was accomplished by 
means of simulations using a variety of PC-based heat transfer and mathematical software. 
A comparison of the heat deposition model of the ACRR, simulated in MATHCAD, was 
made against a thermal-hydraulic simulation of an average ACRR fuel rod using Heating 
5. The simulations showed that the heat deposition model of the ACRR using average 
temperatures and integral, lumped, average core thermal-hydraulic parameters could 
accurately predict core fuel temperature. Simulation of the adaptive routine using a 
Kalman estimator were performed using MATLAB. The estimator determined system 
thermal-hydraulic operating characteristics to within two percent of their actual values 
when run using a system reactivity signal with two percent noise. Estimator speed for 
solution determination was found to be dependent on the input system noise as well as on 
the selected estimator gain. Model operation with estimated values of thermal-hydraulic 


parameters accurately approximated system operation within the limits of simulated noise. 
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6. Validation of Reactivity Input Signals 


The successful operation of a complex system is dependent upon the validity of the 
sensor signals that are use to provide information for control. The use of validated control 
inputs serves to enhance controller performance. Validation can be accomplished through 
signal averaging which minimizes the effects of signal noise and isolation which eliminates 
the effects of faulty sensors. The parity space approach uses redundant sensors to 
accomplish fault detection and isolation and thereby provide validated signal inputs for a 


control system. 


6.1 The Parity Space Approach 


The fault detection process can be divided into two stages. These are residual 
generation and decision making. The redundant measurements of a process variable can 


be modeled by a measurement equation as [33]: 
m=Hx+e (6.1-1) 


where m is the (£ x 1) vector of measurements that are generated from @ sensors, H is 
the measurement matrix of dimension (f X n) and rank n, and x is the true value of the 


n-dimensional measured variable. The vector € represents measurement errors such that, 


for normal functioning of each measurement, the expected value of c. is zero and 


le. ( b. where b. is the specified error bound for the measurement mj. 


A measurement of relative consistency between redundant measurements is given 


by the projection of the measurement vector m onto the left null space of the measurement 
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matrix H such that the variations in the underlying component Hx in Equation (6. 1-1) are 


eliminated and only the remaining effects of the error vector € can be observed. An 


((€ - n) X @) matrix V is chosen such that its (£ - n) rows form an orthonormal basis 


for the left null space of H, for example: 
VH =0 vvi =1 (Galea) 


The column space of V is referred to as the "parity space" of H and the projection of m 


onto the parity space as the "parity vector," which is represented as: 
p = Vm = VE (6.1-3) 


The individual parity vector equations are independent of the true values of x and 
includes the effects of measurement errors as well as any possible sensor failures [34]. 
Thus, from Equation (6.1-2), it follows that: 


viv =1, - HH ay'H! (6.1-4) 


The column Wg Wop oy of V, that are projections of the measurement directions (in 


Ro) onto the parity space are called failure directions because the failure of the ith 
measurement m; implies the growth of the parity vector p in Equation (6.1-3) in the 
direction of v:. For nominally unfailed operations, the norm ||p| of the parity vector 
remains small. If a failure occurs, p may (in time) grow in magnitude along the failure 
subspace, which is the subspace spanned by the specific column vectors associated with 
the failed measurements. If the fault is time-varying, then the failure directions (and hence 


the failure subspace) may also be time-varying. The increase in the magnitude of the parity 
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vector signifies abnormality in one or more of the simultaneous redundant measurements, 
and its direction can be used for identification of abnormal measurement(s). The parity 


vector in Equation (6.1-3) 1s related to the familiar residual vector n by: 


n =V!p (6.1-5) 


where n =m - Hx and xk = cH ay tal m, the least-squares estimate of x. From 
Equation (6.1-2) it follows that the residual vector and parity vector have identical norms, 


for example: 
non =p p (6.1-6) 


For the application reported here, only scalar measurements were used. Hence, the 
dimension of the measured variable x in Equation (6.1-1) is unity. The residual vector can 


therefore be wnitten as: 


where: (6.1-7) 


The residual n; is thus the difference between the ith measurement and the average of all 


the redundant measurements. 
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It can also be shown [35] that the individual parity equations can be described as 


functions of the signal residuals. This relation ts: 


2 f 
| né z (—— | ne (6.1-8) 


LB ue kt 


P 


For normal operation, with no failed sensors, the parity vector tends to be small 
and the individual P! are also small. For a set of £ measurements it can be shown [36] 
that £ measurements are mutually consistent (fault free) if the following inequality 1s 


satisfied: 


fb? for even & 


b’ for odd 


(6.1-9) 


Thus, if a failure occurs, the set of £ measurements would exhibit inconsistency and the 
parity vector would grow in magnitude, exceeding the limiting condition g¢ defined by the 


error bound b. 
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6.2 Validation Algorithm Development 


The parity space approach of section 6.1 can be used to develop an algorithm for 
fault detection and isolation. The algorithm employs the parity vector, p, as a means of 
identifying a set of inconsistent or failed measurements. The measurement with the largest 
residual, within a failed set, can be discarded and the remaining measurements checked for 
consistency. This process leads to the identification of the largest possible set of 
consistent measurements. These measurements can be to provide the validated average 
signal output. The calculational sequence for validation of three assumed independent 


reactivity measurements with common error bound, b, is given by the following: 


1. Calculate the residuals, nj, and the respective panty vectors, pl, for the three 


measured reactivity signals. 
2. Compute the consistency threshold using the bound b and / equal to three. 


3. Test for measurement consistency. If all the p! are less than the consistency 
threshold level, set the validated signal to the average of the three input signals. If 
one or more of the pl is greater than the consistency threshold level, the 


measurement with the largest residual n; is discarded as a faulty reading. 


4. Recalculate the residuals, n;, and the respective parity vectors, p!, for the remaining 


two reactivity measurements. 


5. Compute the new consistency threshold again using b but with & equal to two. 
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6. Test for measurement consistency. If the two p;'s are less than the consistency 
threshold level, set the validated signal to the average of the remaining two signals. 
If a p; is greater than the consistency level then all three signals are inconsistent 
and the validated reactivity signal is set to a default value equal to the inverse 


kinetics reactivity signal. 


A limitation of this method is that of a “common mode" failure. Common mode failure 
implies that two of the measurements fail identically. In this instance the validation routine 
would interpret this condition as a failure of the remaining good signal instead of the 


failure of two faulty signals. 


This algonthm was successfully demonstrated on the MITR-II research reactor in 
1983 [37]. The algonthm correctly identified and isolated faulty sensor readings resulting 
from faulty sensor calibration, gradual drift, increased sensor noise, and total sensor 
failure. [note: All of these failures were induced as part of an approved experimental 


procedure. | 


6.3 Chapter Summary 


The parity method for fault detection and isolation can be easily implemented using 
the derived relationship of the parity vector to the individual signal residuals. An error 
bound, b, specified for the measurements is used to define a maximum bound for parity 
comparison. Faulty signals are indicated.when the parity vector for a set of measurements 
exceeds the calculated consistency threshold. The signal with the largest individual 
measurement residual is then discarded. The validated signal set can then be averaged to 


obtain a validated signal which can enhance controller performance. 
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7. Control Software Implementation 


The concept developed in the preceding chapters was written as FORTRAN code 
so as to provide the block functions shown in the Reactor Neutronic Power Controller 
Block Diagram, Figure 1.2.1-1. It was desired that the code be capable of running input 
transient data files available from previous tests conducted on the ACRR. It was also 
intended that the code be incorporated as a subroutine of the MIT-SNL Peniod-Generated, 


Minimum-Time Control Law Code [38]. The software was written in FORTRAN 77. 


7.1 Subroutine Description 


The developed FORTRAN code consisted of a program main body, six 
subroutines, and three functions. For model simulation, the main body is capable of 
reading input data files simulate reactor operation. The calculation steps included in the 
main body can easily be that incorporated into the MIT-SNL Control Law Code, 
subroutine "CONPER" [39], to achieve the power controller configuration of Figure 
1.2.1-1. The FORTRAN Code, as well as a sample input file, are provided in Appendix 
D. The purpose of each of the FORTRAN Code Blocks is summanzed here. 


7.1.1 Program Main Body 


This is the controlling routine for the program. It initializes the system model 
parameters to start a specific power transient. The logical parameter "ALIGN" determines 
whether or not a predetermined set of thermal parameter coefficients is used in the thermal 
hydraulic model for predicting reactor fuel temperatures throughout the transient. If set to 


"TRUE", thermal coefficients are reestimated at each time step by the Kalman estimation 
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routine. Otherwise the coefficients are not updated. After parameter initialization, the 


following sequence is followed: 


1. Validate the three assumed independent reactivity signals to determine the best 
estimate of net reactivity as given by variable DKest. Instrumented Synthesis 
Method reactivity values were not available. Therefore, an average of the current 
step's and previous step's Inverse Kinetics reactivity was used as a third input 


signal. 


2. Print the desired step output parameters. These could consist of the current time, 
the individual reactivity signals, the fuel temperature, and the individual estimated 


thermal parameter coefficients. 


3. If variable "ALIGN" is "TRUE", a best estimate of the thermal model parameter 
coefficients is made and the model is updated to use these values. If variable 
"ALIGN" is "FALSE", the model parameter coefficients remain unchanged 


throughout the transient. 


4 The Thermal Model of the reactor is advanced to the next time-step. This 
provides future values of the thermal feedback reactivity and fuel temperature for 


controller use. 


5. At a specified time, the routine reads the next set of data. This data consists of the 
current-time, the reactor power, the Inverse Kinetics reactivity, and the position of 


the reactor's transient rod bank. 


6. The net reactivity is calculated for this new data via a balance equation. 


IEE 





7. The routine continues by repeating step's one through six until all data in the input 


file has been processed. 
7.1.2 Subroutine Advmodel 


The next time step values of the fuel temperature and moderator temperature are 
calculated using the thermal model equations. The system matrix values of F, H, and E 


are also advanced using the Kalman Estimation prediction equations. 
7.1.3 Subroutine Estmodel 


A best estimate of the fuel temperature and the thermal reactor model's parameter 
coefficients is made via Kalman estimation. This routine is called if the parameter 


"ALIGN" is "TRUE". 
7.1.4 Matrix Math Routines 


The Kalman estimation routine uses matnix equations to determine parameter 
estimates. FORTRAN 77 has no intrinsic matrix functions to accomplish basic matnx 
mathematics. It was necessary to write basic routines to carry out the operations of 
matrix addition, transposition, scalar multiplication, and vector multiplication. These 
matrix mathematics routines were provided by Addmat, Transmat, Multscale, and 
MatMult respectively. It should be noted that FORTRAN 90 does possess these 
mathematical operations as intrinsic functions. Should the control scheme be updated to 


use FORTRAN 90, these four subroutines would be unnecessary. 
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7.1.5 Functions Reactr (p) and Reactfb (T,Tin) 


Function reactr (p) returns the reactivity associated with a given position of the 
reactor’s transient rod bank. This function is called by the main body of the program to 
determine control rod reactivity for the reactivity balance. Function Reactfb (T,Tin) 
determines the feedback reactivity associated with increases in the reactor fuel 


temperature. The reactivity coefficient is as described by Equation 5.1.2-1. 


7.1.6 Function Validate 


Function Validate returns the values of reactivity resulting from the 
implementation of the validation algorithm on the three input reactivity signals. Value b 


specifies the common error bound for reactivity signal validation. 


7.2 Chapter Summary 


The FORTRAN implementation of the Adaptive Reactor Reactivity Model was 
developed in FORTRAN 77 and is capable of running input files consisting of current 
transient-time, reactor power, Inverse Kinetics Reactivity, and transient rod bank position. 
It determines the resulting reactor fuel temperature and net reactivity via a reactivity 
balance. The program is capable of estimating model thermal parameter coefficients 
which are assumed to be constant during transients. The program can also be executed to 


run using predetermined model parameters. 
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8. FORTRAN Software Evaluation 


The FORTRAN Code developed in Chapter Seven and provided in Appendix D 
was tested using input data obtained from previous MIT-SNL neutronic power controller 
tests. These simulations were used to assess the performance of the FORTRAN routines 
described in Chapter Seven and to show their capacity to support enhanced operation of 
the MIT-SNL Neutronic Power Control Method. The results of these simulations are 


summarized here. 


8.1 Input File Selection 


The input data for FORTRAN Code evaluation was selected from the output data 
obtained during a series of experimental evaluations that were conducted on the MIT-SNL 
Period-Generated, Minimum-Time Control Law Code in July 1991. The transient selected 
was a power increase from three kW to four MW on a 0.695 second period. Reactor 
power was then held constant for twenty-five seconds. The data available for the transient 
was provided at 0.045 second intervals over the duration of the transient. The data 
included reactor power (kW), the calculated inverse kinetics reactivity (millibeta), and the 
position of the transient rod bank (units). A copy of this data file is provided in Appendix 
D. 


8.2 Parameter Estimation Simulation 





As a first test of the FORTRAN Code, the transient was run with initial model 
thermal parameter coefficients of a9, bp, and bj set to zero; the logical parameter, 


"ALIGN", was set to "TRUE"; and the bound for validation was set to two percent. 
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Parameter initialization was conducted using derived values obtained as detailed in Section 
5.1. During this run, the time required for the calculation was also checked to verify that 
the individual step calculations could be carried out in real-time for controller operation. 
The thirty second data run required approximately 4.5 seconds to execute. This indicates 
a single step series calculation time of, on average, 6.75 milliseconds. This meets the 
sample time criteria for controller operation [40]. The output data was collected at each 
time step and included reactivity via balance calculation, the validated reactivity, the 
reactor fuel temperature, and the values of the estimated thermal parameter coefficients 
(a9, bo, by). This output file is provided in Appendix D. A comparative plot of the 
various reactivity signals is shown in Figure 8.2-1. This plot shows oscillations taking 
place as the estimation routine attempted to determine the best values of reactivity and the 
thermal parameter coefficient (a9, bb, by) . The oscillation magnitude decreased as the 
transient progressed. The thermal parameter coefficient values are shown in Figure 8.2-2. 
Again, the fluctuations in the parameter value are initially large but, decrease as the 
transient progresses. It is noted that in the two percent input noise simulations of the 
Kalman estimation routine performed in MATLAB and presented in Section 5.3.1, 
estimation variations required approximately forty to sixty seconds to decay away. If an 
additional ten to thirty seconds of data had been available a more precise solution might 


have been obtainable. 


A close examination of the reactivity outputs revealed the proper operation of the 
validation routine. When all three values were within the required bounds, as calculated 


using b, a three signal estimate was provided for the variable DKest. During oscillations 
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of the balance reactivity, caused by parameter estimation, the routine isolated the balance 


reactivity signal and provided a two signal estimate for the variable DKest. 


As a final evaluation of the routine's ability to converge to a correct solution, the 
FORTRAN Code was run a second time with the thermal parameter coefficients initialized 
to the final values obtained during the first estimation run. The logical parameter 
"ALIGN" was set to "FALSE" so the simulated transient could be modeled using the 
previously determined thermal parameters. The output reactivity values from this 
simulation are shown in Figure 8.2-3. The modeled balanced reactivity differs from the 
actual inverse kinetics reactivity by approximately ten percent. It is possible that if a more 
precise set of thermal parameter coefficients could have been obtained the model's 
performance would have provided a more accurate approximation to the reactivity 
response. A longer simulation providing more accurate coefficient values could lead to a 
better fit of modeled reactor conditions to the actual inverse kinetics values. It should also 
be noted, however, that the estimation routine relies on the accuracy of the fuel 
temperature reactivity coefficient relationship given in equation 5.1.2-1. Errors in this 
relation could also cause the observed differences between the calculated balance 
reactivity and the actual inverse kinetics reactivity. It should also be noted that no attempt 
is made to verify the accuracy of the control rod reactivity obtained by the Function 
Reactr (p). A temperature dependence of transient bank rod worth could also lead to a 


modeling error. These possibilities would require additional investigation. 
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8.3 Chapter Summary 


The FORTRAN Code implementation of the thermal-hydraulic reactor reactivity 
balance model was run using input data from previously conducted MIT-SNL period- 
generated, minimum-time control law code testing on the ACRR. These simulations 
showed the ability of the reactivity balance model using the Kalman estimation of model 
thermal parameter coefficients, to converge to an actual dynamic reactivity solution. 
Convergence after thirty seconds of estimation was to within approximately 10% of the 
assumed actual system reactivity. Additional investigation is indicated to determine if 
longer simulation runs would provide more accurate model solutions. Investigation of 


other sources of modeling error which are currently not estimated may also be warranted. 
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9. Sensor Optimization for Automatic Fault Detection 


Chapter Six described the parity space method of fault detection and isolation that 
is used to provide signal validation for the assumed independent reactivity signals. It 
would be desirable to implement the closed form of the MIT-SNL period-generated, 
minimum-time control law code to provide on-line fault detection and isolation. To 
achieve this requires an examination of both the inputs available to the control system as 


well as the method to be used to achieve fault diagnostics. 
9.1 Method of Fault Detection 


Methods other than the parity space approach can be used to provide on-line fault 
detection for improved system performance. Some of these methods include failure 
sensitive filters, statistical innovations, and sequential hypothesis testing [41]. Often the 
method selected is based on the desired response of the detection system that is to be 
employed. In general, there are usually two conflicting considerations. These are the 
speed at which a system responds to a fault and the degree of degradation needed to allow 
a fault to be detected. Systems which require a high degree of reliability such as aircraft 
or nuclear control systems demand input redundancy to ensure rapid fault detection with a 
minimum impact of false alarms. It was this consideration which lead to the use of the 
parity space approach outlined in Chapter Six. To implement the parity space approach, a 


minimum configuration of redundant sensors must be available. 
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9.2 Minimum Sensor Employment for Fault Detection 


The MIT-SNL Penod-Generated, Minimum-Time Control Law Code relies on 
inputs from reactor power, net reactivity, the rate of thermal feedback reactivity, and rod 
position and speed to provide the proper rod control signal. The power signals from the 
nuclear instrumentation are instrumental in providing input for reactivity calculations as 
well as in determining the deviation of the reactor from the desired power level. It is 
necessary that a continuous uninterrupted power signal be available across the range of 
operation. Most nuclear instruments cover a range of approximately four decades of 
power. To achieve adequate sensitivity and accuracy to power level changes across a 
wide range of power levels (as many as ten decades of power) a combination of 
instruments is used. These nuclear instruments are usually divided into source, 
intermediate, and power ranges. A relationship can easily be derived to generate a single, 
continuos neutronic power level signal from these three detector ranges [42]. 
Furthermore, the ranges are designed so that overlap exists from one range to another. 
Thus, for operation in the intermediate range, power signal validation could be conducted 
using source or power range instruments that exhibit overlap. It should be noted that for 
operation high in the power range or low in the source range, signal validation would 
require an additional sensor. This sensor could either be a direct neutronic power signal 
or an indirect signal derived from an analytic model. As an example, reactor power could 
be predicted using the known reactivity and the space independent kinetics equations [43]. 
Use of an analytic model in place of a direct signal input eliminates the need to provide 
additional sensors for the sole purpose of signal validation. Thus, for nuclear 


instrumentation, a minimum implementation for fault detection over the entire range of 
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Operation could consist of two independent channels of source, intermediate, and power 
range with an analytic model capable of predicting the neutronic power level using a 
validated reactivity input. These validated power signals along with the validated 
reactivity inputs would offer a minimum sensor implementation for on-line detection for 


the MIT-SNL period-generated, minimum-time control law. 


9.3 Chapter Summary 


The panty space approach of signal validation for systems with redundant 
measurements provides a rapid means of sensor fault detection and isolation. The MIT- 
SNL neutronic power controller requires both validation of net reactivity and reactor 
power input signals to provide enhanced system performance. This implementation would 
require a minimum of two sets of power, intermediate and source range nuclear instrument 


channels along with an analytic model for reactor power prediction. 
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10. Summary, Conclusions, and Recommendations for Future Research 
10.1 Summary 


This report summanzed the development and demonstration of an improved 
reactor analytic model for the prediction of thermal feedback reactivity. The output of this 
model was used in a reactivity balance to produce a net reactivity signal. This signal was 
employed along with two additional, assumed independent, net reactivity estimation 
methods in a parity-space fault detection algorithm to give a validated net reactivity. The 
end use of this validated net reactivity signal is to provide enhanced operation of the MIT- 
SNL period-generated, minimum-time, neutronic power controller. The analytic heat 
deposition model for prediction of thermal feedback reactivity included a Kalman state 
estimation routine to provide real-time model adaptation to compensate for modeling 
errors or parameter drift. The concepts used in the adaptive analytic reactivity balance 
model were verified using the PC-based math software MATLAB and MATHCAD, as 
well as, a_ finite difference, heat transfer code, HEATING 5. An adaptive analytic 
reactivity model of the ACRR was implemented in FORTRAN 77. A simulation of this 
model implementation was conducted. Simulation input was provided from previous tests 
of the MIT-SNL period-generated, minimum-time, neutronic power controller on the 


ACRR conducted in July 1991. 
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10.2 Conclusions 


The lumped average core parameter, heat deposition model of the ACRR, modeled 
using MATHCAD, was compared to a nodal, finite difference, heat transfer model of the 
ACRR, modeled using HEATING 5. The lumped parameter, average core value model 
predicted average core fuel temperatures to within approximately two percent of the 
values obtained using the nodal finite difference method. This verification was shown for 


both slow and rapid power transients. 


The Kalman estimation routine employed to provide thermal model adaptation was 
simulated using MATLAB. The simulation verified the ability of the Kalman state 
estimation routine to determine analytic model thermal parameters for the purpose of on- 
line, real-time model error correction. The simulations used input power and system 
thermal feedback reactivity signals, sampled every 50 milliseconds, and corrupted with 
two percent white noise. The estimation routine determined the system thermal parameter 
coefficients in approximately sixty-five seconds. These estimated parameter coefficients 
when used in the analytic reactivity model, produced thermal feedback reactivities that 


were within the two percent noise band of the input feedback reactivity. 


The final system simulation of the adaptive analytic reactivity balance model and 
the reactivity validation routine confirmed the ability of the validation routine to reject 
faulty reactivity input signals. The adaptive analytic reactivity balance model determined 
best estimates of the model's thermal parameter coefficients during a 30 second simulation. 
This simulation used input data obtained from previous MIT-SNL period-generated, 


minimum-time, neutronic power controller tests. The length of time required by the 
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routine to carry out the calculations necessary for a single time step was on average 6.75 
milliseconds. This met the sample time criteria for controller operation. The estimated 
thermal parameter coefficients were in turn used to produce a reactivity balance model 
that was capable of predicting system reactivity to within approximately ten percent of the 
actual system values. More accurate model thermal parameter coefficients could be 
obtained if the estimation were performed for approximately sixth-five seconds of input 


data. 
10.3 Recommendations for Future Research 


The following recommendations involve areas associated with this report that 


warrant further research: 


1. Additional simulations of the adaptive estimation routine to determine an optimum 
set of Kalman estimation parameters that produce the most efficient and robust 
response. Parameters affecting estimation routine response include, the noise 
covariance matrix (R) and the initial value of the error covariance matnx (E). 
Limiting the allowed magnitude of the estimated thermal parameter coefficients 


could also be considered to enhance routine response. 


2. Additional simulations of the adaptive estimation routine using real ACRR data 
over longer transient intervals. Simulations should address determination of a 
minimum time required for the estimation routine to determine the model's thermal 
parameter coefficients that are capable of predicting future reactivity transients to 


within two percent of the inverse kinetics reactivity values. 
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3. Incorporation of the Adaptive Reactivity Model FORTRAN Code implementation 
into the MIT-SNL Period-Generated, Minimum-Time, control code. The 
combined code could be demonstrated on the ACRR to determine the benefits of 


this reactivity estimation and validation scheme on controller performance. 
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Appendix B 


Heating 5 Sample Input File - 6400 MW pulse 


Heating 5 Sample Input File - 10 second power ramp 


Heating 5 Sample Output File - 10 second power ramp 


Heating 5 Sample Output File - 6400 MW pulse 
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WEATINGS WAS WRITTEN BY 


W.0. TURNER 

O.C. ELROO 

1.1. SIMAN-TOV 

COMPUTER SCIENCES OIVIS1Om 

UNION CARBIDE CORPORATION, WUCLEAR OIVIS1Om 
OAK RIOGE, TEWWESSEE 37830 


THIS VERSTOM OF HEATING CAN WANWOLE A MAXIMUM OF 400 LATTICE POINTS. 
IWPUT RETURN 


JOB DESCRIPTION-- ACRR WHEAT DEPOSITION TRANSIENT #2 - 100KW to 2MwW in 10 sec. 
GEOMETRY TYPE NUMBER 2 (OR RT ) 

WUMBER OF REGIONS 8 

WUMBER OF MATERIALS é 

WUMBER OF HEAY GENERATION FUNCTIONS 1 

WUMBER OF IWITIAL TEMPERATURE FUNCTIONS 1 

WUMBER OF DIFFERENT KIWOS OF BOUNDARIES 1 

THIS PROBLEM INVOLVES TEMPERATURE-DEPENDENT PROPERTIES. 

WUMBER OF POINTS IW GROSS X OR R LATTICE 9 

WUMBER OF POINTS IW GROSS Y OR THETA LATTICE 2 

MUMBER OF POINTS IW GROSS 2 LATTICE 0 

WUMBER OF ANALYTIC FUNCTIONS 1 

WUMBER OF TABULAR FUNCTIONS 8 

WUMBER OF TRANSIENT PRINTOUTS SPECIFIED 17 

TEMPERATURES OF SELECTEO NODES WILL BE MONITORED EVERY 1000 ITERATIONS OR TIME STEPS. 
PROBLEM TYPE WUMBER 3 

STEADY STATE CONVERGENCE CRITERION 1.00000000-05 

MAXIMUM WUMBER OF STEADY-STATE ITERATIONS 1000 

WUMBER OF ITERATIONS BETWEEN TEMPERATURE DEPENDENT 

PARAMETER EVALUATIONS FOR STEADY STATE CALCULATIONS 0 

INITIAL OVERRELAXATION FACTOR (BETA) FOR STEADY STATE CALCULATIONS 1.90000000 
TIME INCREMENT 1.00000000-01 

LEVY'S EXPLICIT METWOO WILL BE USED WITN A TIME STEP 1 TIMES 

LARGER THAN THAT USED IW THE STANOARO TRANSIENT TECHNIQUE. 

INITIAL TIME 0.00000000-01 

FIWAL TIME 7.20000000+02 
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WUMBERS AND FCN NUMBER 


REG. 
NO. 


any Oo wR HF WwW A 


MATL 


INIT 


WO. TEMP 


1 


~ — Wt - A - AD 


—_ @ =f =f = oO =O = 


MEAT 
GEN. 


oaoooo-o9o - & 


SUMMARY OF REGION DATA 


PAGE 


2 


seseseetcereerecesceesestesen 0 IMENSIORS eeeceeeteetereeeteeecereeeeees 


RIGHT-X-OR LOWER-Y-OR UPPER-Y-OR 
LEFT-THETA RIGHT-THETA 


LEFT-X-OR 

INNER -R 
0.0000 
0.0032 
0.0114 
0.0118 
0.0168 
0.0170 
0.0180 
0.0182 


OUTER- 

Q. 
0116 
.0118 
0168 
.0170 
.0180 
0182 
.0187 


oo oo0ooo 


R 
0032 


0. 
0.0000 
0.0000 
0.0000 
Q. 
0 
0 
0 


0000 


0000 


.0000 
.0000 
.0000 


3.1416 
3.1416 
3.1416 
3.1416 
3.1416 
3.1416 
3.1416 
3.1416 
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REAR-2 


oO oO 02 0200 0 90 


-0000 
.0000 
.0000 
.0000 
-0000 
.0000 
.0000 
. 0000 


FROWT-2 


0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 


eeaeeaereeeeaae 


BOUNDARY NUMBERS - 


LE-X RT-K LO-Y UP-¥ 
IM-R OT-R LF-O RT-0 


oo oo0o0o97o © 


—- oO o0oo0oo0oo9eoo oOo 


oo O00 00 8 O&O 


aoooo0o0ooo ©& 


RR-2 FT-2 


@egoo0o0eooeo ©& 


oooo0oaooo0o70o  & 
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sees eee Ce SUMMARY OF MATERIAL OATA Sesvseeeee@ 


MATERIAL MATERIAL = sccecesececs THERMAL PARAMETERS ------------ 
NUMBER NAME -° TEMPERATURE-OEPENOENT FUNCTION NUMBERS -- 
CONOUCTIVITY OENSITY SPECIFIC wEAT 
1 HEVOIO 0.0000000 -01 0.0000000-01 5.1920000+03 
-6 -7 0 
2 FUEL 2.4000000+01 3.$500000+03 0.0000000-01 
0 0 -1 
3 w8CUP 0.0000000-01 8.5700000+03 2.7000000+02 
=9 0 0 
4 $s 0.0000000 -01 7 .9500000+03 5 ..0200000+02 
=2 0 0 


eeerrveres SMUARY OF INITIAL TEMPERATURE OATA *eeererere 


WUMBE & INITIAL POSITION-DEPENOENT FUNCTION NUMBERS 
TEMPERATURE KOR R Y OR TH Zz 
1 2.340000+01 0 0 0 


eseseeeeeeeeeseees SUMMARY OF HEAT GENERATION RATE OATA Seeceseecevseceesees 


MUMBER POWER TIME-, TEMPERATURE-, AND POSITION-DEPENDENT NUMBERS 
OENSITY TIME TEMPERATURE xX OR R YOR TH 2 
1 1.010600 +06 *3 0 +4 0 0 


Mey 





Ceeeeeeeees MMARY 
seseeee GENERAL------ - -TEMPERATURE-- wreteeeee 
IW FORMAT 1 ON 
WO. TYPE FCT TEMPERATURE 
FLAG «= & TIME FCT ASSOC. 
FCTS 
1 1 2 1.000000+00 
-8 TIME 
TEMP 


GROSS LATTICES ANO WUMBERS OF INCREMENTS 


R OR Xx 
6.000000 0.003180 0.011430 0. 
0.018670 
2 & 1 
THETA OR Y 
0.000000 3.161593 


1 


LISTING OF 


FCV)= ACT) © AC2)*V © ACS)PVEPS + ACS)*COS(A(S)*V) 


A(2) A(3) 
1.000000 2.798-01 


uO. AC) A(4) 


1 0.0000-01 


0.0000-01 


PAGE & 
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OF BOUNCARY CATAt&eteterre 
te eee eee ecw eee eee ceee HEAT TRANSFER COEFFICIENTS-------cccccccccccccccccss 
RELATED FUNCTION NUMBERS 
FORCEO CONV. RADIATION NATURAL CONV EXPONENT FLUX 
1.000000+00 0.000000 -01 0.000000 -01 0.000000 -01 0.000000 - 01 
0 0 0 0 0 
1 0 0 0 0 
011810 0.016760 0.016967 0.017963 0.018160 
ra 1 1 1 1 
ANALYTIC FUNCTIONS 
* ACB)PEXPCAC7)PV) © ACB)*SINCAC9) PV) © ACIO)®LOGCA(11)%V) 
ACS) A(6) A(7) ac8) AC9) A(10) ACM) 
0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000-0! 








- mT 
—— 


LISTING OF 


TABLE NUMBER 


ARGUMENT 
1.000000000+01 
5 .000000000°01 
1.000000000+02 
2 .000000000 +02 
3.000000000 +02 
4000000000 +02 
5 .000000000+ 02 
6.000000000+02 
7 .000000000 +02 
8 .000000000+02 
. 000000000 +02 
-000000000+03 
- 100000000+03 
. 200000000+03 
- 30000000003 
-400000000+03 
- 500000000 +03 
- 600000000 +03 
- 700000000+03 
-800000000+03 
- 90000000003 
2.000000000+03 
2. 100000000+03 
2.200000000+03 
2.310000000+03 


— Gf = =_@ -_® o-2@ ®t ot tlt CY 


TABLE NUMBER 


ARGUMENT 
2.000000000+01 
1.000000000 +02 
2.000000000+02 
3.000000000+02 


TABLE NUMBER 


ARGUMENT 
0.000000000 -01 
1.000000000+01 
6.000000000+01 


TABLE NUMBER 


ARGUMENT 
3. 180000000 - 03 
&.000000000 - 03 
6.000000000 - 03 
8.000000000 -03 
1000000000 -02 
1. 143000000 - 02 
1, 181000000 - 02 
1.200000000 -02 
1. 400000000 - 02 
1, 600000000 - 02 


1 
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TABULAR FUNCTIONS 


WUMBER OF PAIRS - 


VALUE 
. 368000000 +02 
- 204800000 +02 
. 623200000 +02 
-046000000+03 
- 143626600 +03 
- 202900000 +03 
- 263568000 +03 
- 310986600 +03 
- 3$0834200+03 
- 385950000+03 
.417911100*03 
-447664000+03 
-472007200+03 
- 495 780000+03 
-919113800+03 
-$42102800-03 
- 962026600 +03 
- 984690000 +03 
. 604687000 +03 
62678660003 
64497260003 
-631400000 +03 
.681569500+03 
-700225400+03 
- 720692600+03 


— eee eee lel etl atl ee tlC XY YD OF 


WUMBER OF PAIRS - 


VALUE 
1. 73000000001 
1.730000000+01 
1, 73000000001 
1.900000000+01 


NUMBER OF PAIRS - 


VALUE 
1.000000000+00 
2.000000000+01 
2.000000000+01 


NUMBER OF PAIRS - 


VALUE 
8. 100000000 -01 
8. 200000000 -01 
8 .400000000 -01 
8.600000000-01 
9.200000000-01 
9 .800000000 - 01 
1.000000000+00 
1.000000000+00 
1. 100000000 +00 
1.240000000 +00 
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25 


11 





1. 700000000 - 02 1. 280000000 +00 
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TABLE 


OUTPUT 


en oeowereiwnry — 


OF 


wo. 


QUTPUT 


QUTPUT 


0.000000 - 01 
$ .000000+00 
1.000000 +01 
2.000000+01 
3.000000+01 
6 .000000+01 
1.200000+02 
1.800000+02 


TIMES 


TIME 


TABLE NUMBER 


ARGUMENT 
0 .000000000-01 
1.000000000+02 
2.000000000+02 
3.000000000 +02 
& .000000000+02 
1.000000000+03 


TABLE NUMBER 


ARGUMENT 
2.000000000 +01 
1.000000000+02 
2.000000000+02 
3.000000000 +02 
&.000000000 +02 
5..000000000+02 
6.000000000+02 
7.000000000+02 
&8.000000000-02 
9 .000000000+02 
¥.000000000+03 
¥.200000000+03 
1.400000000+03 
1.600000000+03 
1. 800000000+03 
2.000000000+03 
2.500000000+03 
300000000003 


TABLE WUMBER 


ARGUMENT 
2.000000000+01 
+ .200000000 +03 
2.600000000+03 


TABLE WUMBER 


ARGUMENT 
0.000000000-01 
&.800000000+02 
7, 200000000+02 


QuTPuT 
WO. 


5 


QurPuT 
T EME 
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WUMBER OF PAIRS - 


VALUE 
5. 23000000001 
5 .440000000+01 
5 .650000000+01 
5 .860000000+01 
6.070000000 +01 
?.270000000+01 


WUMBER OF PAIRS - 


VALUE 
? .200000000 -02 
7200000000 -02 
+. 150000000 -01 
¥.510000000 - 0 
+ .840000000-01 
2. 180000000 - 01 
2.500000000-01 
2.780000000-01 
3.040000000 -01 
3.300000000- 01 
3.540000000-01 
&.050000000 - 04 
&.550000000 - 04 
5 .020000000 - 04 
5430000000 - 04 
5. 790000000 -01 
6.5$70000000-01 
7.4650000000-01 


WUMBER OF PAIRS - 


VALUE 
3. 282800000 -01 
1.633400000-01 
¥.675320000-01 


NUMBER OF PAIRS - 


VALUE 
2.340000000+01 
&.090000000+01 
4 .090000000+01 


OUTPUT 
WO. TIME 


i 


18 


QuTpuT 


WO. 


TEME 


QUTIPUT 


QuTpuT 





9 2.400000 +02 
10 3.000000+02 


22 
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1 3 .600000+02 
12 &.200000+02 
13 4 .800000+02 
14 $.400000+02 
§ 6.000000+02 
16 6.600000 +02 
17 7.200000+02 


TEMPERATURES OF THE FOLLOWING MODES WILL BE MONITORED 
EVERY 1000 ITERATIONS OR TIME STEPS. 
WUMBER WODE 

t 1 


23 





a“ 






oe 


_ 
es 
_ 





et Wi el 
bvgre ery 6c NAR! NF 


| en 


FINE LATTICE, X OR R, Y OR THETA, AND 2 


2 0.001590 
7? 0.011430 
12 0.016760 


1 0.000000 


THIS PROBLEM CONTAINS 


30 NODES. 


0.003180 
0.011810 
0.016967 


3.141593 


. 
9 
14 


PAGE 


8 


0.005242 
0.013048 
0.017963 


24 


5 
10 
15 


0.007305 
0.014285 
0.018160 


6 
1 
16 


0.009367 
0.015525 
0.018670 





13 
19 


3. 7268-02 
9.45650-02 
2. 18990 - 02 
2.69910-01 
9. 788-02 


14 
20 
26 


2.30890 -01 
9. 78620 - 02 
2. 94840 -02 
2.70760-01 
9.79460 - 02 


1§ 
21 
27 


PAGE 


2.67890 -01 
9.78770 -02 
3.00480 -02 
2.79510-01 
2.13000-02 


9 
STABILITY CRITERIOW FOR EACH NODE 


2.69910-01 
9. 7BB8D - 02 
3.72680 -02 
9.45650 -02 
2.18990 -02 


THE STABILITY CRITERION IS 2.13000490-02 FOR POINT 12 


SG Now 


THE INPUT TIME INCREMENT DOES NOT SATISFY THE STABILITY CRITERION. 


THE TIME INCREMENT IS NOW = 


2.13000490 -02 
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2.70760-01 
9. 79660 -02 
2.308% -01 
9. 7BS62D-02 
2.94840 - 02 


12 
18 
24 


2.79510-01 
2.13000 -02 
2.67890 -01 
9.78770 -02 
3.00480 -02 
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CURRENT TIME © 19:41:58.97 


MEATINGS ACRR HEAT DEPOSITION TRANSIENT #2 - 100K to 2Mw in 10 sec. IBM PC 
MAP OF THE NODE WUMBERS 
GROSS GRID 1 2 3 4 5 6 
I I J | I 
FIWE GRIO 1 2 3 4 5 6 7 8 9 10 11 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
Joccccccccccccccce Joreccecceee occccecercoene or cccccees [occccece Jocnmecccccccc cece cccsccccccceccces Jocceeeee lee 
to) 0.00 0! 1 2! 3 4 5 61 71 | 9 10 11 12! 
2 2 3.16 OleccresIberecess gba Croc Tous e2e 19-----0- 202s eae evils orate 4] NK SSoccecee 26-22-22 £9 ===" <26[2*seo27 1 -- 
GROSS GRID 7 8 9 
I I I 
FIWE GRID 14 15 16 
DISTANCE 0.02 0.02 0.02 
were eeseeecoce | re | 
1 #4 0.00 131 14] 151 
"ar Rte <@ 20 ls > <2 ry 301 
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CURRENT TIME = 19:41:59,358 


NEATINGS ACRR WHEAT DEPOSITION TRANSIENT #2 - 100KW to 2Mw in 10 sec. 1am PC 
STEADY STATE TEMPERATURE DISTRIBUTION AFTER O ITERATIONS, TIME =» 0.000000-01 
GROSS GRID 1 2 3 4 5 6 
| J J J I I 
FIWE GRID 1 2 3 4 5 6 7 8 9 10 11 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
oe | oe ee oy Jocccceee Jewcee Pec ce ceases erecnnccesscescces SS Jee 


1 4 0.00 0.00 23.40 23.40 23.40 23.40 23.40 23.40 23.40 23.40 23.40 23.40 23.40 23.40 
2 2 3.14 0.00----23.40----23.40----23.460----23.40----23.460-*--23.60----23.60---+23.40----23.40----23.60----23.40--*-23.40 


GROSS GRID 7 8 9 
| ! J 
FIWE GRID 14 1§ 16 
OISTAWCE 0.02 0.02 0.02 
ieee wae os ooo | 
1 4 0.00 23.40 23.40 23.40 
2 2 3.16 +--23.40--++23.40----23.40 


TEMPERATURES OW NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 23.400000 

THE MAXIMUM TEMPERATURE IS - 2.340000-0! (e=050) 

MAX. TEMP, APPEARS AT NOOES - 1 2 3 4 5 
6 7 8 9 10 
11 12 13 14 1§ 
16 17 18 19 20 
21 22 23 24 25 
26 27 28 29 30 

THE MINIMUM TEMPERATURE IS - 2.340000°01 (*-0.1) 

MIM. TEMP. APPEARS AT WOOES - 1 2 3 4 5 
6 7 8 9 10 
14 12 13 14 1§ 
16 17 18 19 20 
21 22 23 24 2s 
26 27 28 29 30 


ee 





BEGIN THE STEADY STATE CALCULATIONS 


WUMBER OF 
ITERATIONS 


10 
15 


ASRS 


40 
45 


50 
55 


65 


Sada 


SZ3Bh 


110 
115 
120 


125 
130 
135 
140 


145 
150 
155 


165 
170 
175 
180 


18 
190 
195 


210 
215 
220 


225 


CONVERGENCE 


5 .66266€ - 02 
6.25252E-02 
3.96553E-02 
2. S08S9E-02 
2.03142E-02 
1.61869€ -02 
1. 36271E -02 
1. 17513E-02 


8.15575E-03 
5 .60954E -03 
4. T3064E -03 
4 .42279E-03 


3.35782E -03 
2.64900E - 03 
2. 39545E -03 
2. 29344E -03 


1.83369€ -03 
1.55575E -03 
1.46969€ -03 
1.42593€ -03 


1. 16887€ -03 
1.03338€-03 
1, 00008E -03 
9. BOL31E-04 


-6.08527E -04 
°3. 99778 - 04 
° 2. 64586€ - 04 
-1, 78691E -04 


°6.11265E -05 
°5.S9341E-05 
°5.13548€ -05 
°4.73409€-05 


-3.06671E-05 
°-2.77318E-05 
°2.53817E-05 
2.34 724E-05 


*2.49822E -05 
*2.12351€-05 
- 1.8503 9€ - 05 
-1.67264E -05 


-1.78555E-05 
- 1.580368 - 05 
°1.41834E -05 
-1.28868€ -05 


-1.35062€-05 


WODE 


17 
16 
1 
2 
1 
16 
1 
7 


16 
16 


“~=- —- — 


14 
14 
14 
16 


_NNNN 


27 
27 


22 
22 
22 


27 


TEMPERATURE 


2.6084 9€ +01 
3.18183E+01 
3.71002E+01 
&.31600€ +01 
4. 7T5958E+01 
5.24227E +01 
5.59137E+01 
&.71686E+01 
BETA REOUCEO TO 
6.22047E*01 
6. 38669E +01 
6.55641E+01 
6.70465E*01 
BETA REDUCED TO 
6.81318E+01 
6.90022E+01 
6.995S02E +01 
7. 06708€+01 
BETA REDUCED TO 
7.13708E +01 
7.1915 1E*01 
7.25212E*01 
7. 29787E+01 
BETA REDUCED TO 
7.34332E+01 
7. 38092E+01 
7.41826E+01 
5 .88274E+01 
EXTRAPOLATION 
4.15969E +01 
4.14978E +01 
&.146327E +01 
4.13892E+01 
EXTRAPOLATION 
9.67881E+01 
9.67601E+01 
9.67344E +01 
9. 67107E*01 
EXTRAPOLAT! OW 
766169601 
7.66059€ +01 
7.65958E+01 
7.65865E+01 
EXTRAPOLAT I Ow 
5.74217E*01 
5.74152E+01 
5. 76096E+01 
9. 63336E°01 
EXTRAPOLATION 
7.66 185E+01 
7.6612 1€+01 
7.64065E+01 
7 .66014E+01 
EXTRAPOLATION 
5 .73301E+01 


PAGE 12 


EXTRAPOLAT !Om 
FACTOR 


-3.23285E+00 
- 3.905 346E +00 
°9.96732E+00 
9. 99465E +00 
3.12390E +01 
1. 76366€ +01 
-1.52275E+03 
9.52246E+01 


1.800 


2.35864E +01 
&.88983E +00 
6.80241E +00 
°9. 22930E+01 


1.700 


&.23991E +01 
1.34570E+01 
2.22192E+01 
2.23024E+02 


1.600 


5.27337E+01 
4.20859E +01 
6.55720E+01 
1. 94763E+02 


1.500 


8.27407E+01 
2.34198E*02 
1.96929E +02 
3.10772E+02 


1.46736 +01 
1.12684€ +01 
1.17998E+01 
1.25137E+01 


5.47377€ +01 
5 .63966E +01 
5 .89335E+01 
6.20495E+01 


&.54430E+01 
5.17840E +01 
5 .88232E+01 
6.65736&+01 


2.74105E+01 
3.23782E+01 
3.83440E+01 
&.97754E+01 


3. 75860E +01 
4 .26878E +01 
4.80117E+01 
5 .42238E +01 


2.73091E 201 
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230 -1.146788€ -05 27 5. 73266€ +01 3.26366€01 


23 











Seidel | 'e~phitT .¢ “9  Matt~ sto 
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235 - 1. 00085€E -05 27 5. 73236€ +01 3. 86096E +01 


130 





PAGE 14 


CURRENT TIME = 19:42:18.63 


WEATINGS 


GROSS GRIO 


FINE GRIO 
DISTANCE 


1 1 0.00 
2 2 3.16 


GROSS GRID 


FINE GRIO 
OISTANCE 


i 0.00 


ACRR MEAT OEPOSITIONM TRANSIENT #2 - 100KW to 20W in 10 sec. 1e4 PC 
STEADY STATE TEMPERATURE OISTRIBUTION AFTER 236 ITERATIONS, TIME = 0.000000-01 
1 2 3 & 5 6 
| I ! I I I 
4 2 3 & 5 6 7 8 9 10 1% $2 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.0% 0.01 0.01 0.02 0.02 0.02 
Joc eee ccc cece eceee | | | eer ras eoseccece Joceeeee of-- 


0.00 96.18 96.18 96.13 96.00 9.79 95.52 76.35 76.15 75.91 75.65 73.36 $7.32 
0.00----96. 18+ = -96. 18+ === 96. 13+ += +96. 00+ == +95. 20+ -95.S 1999976. 35 ++ +76. 15---- 75. 919+ = 7S.65---- 75. 3h--- 57.32 


7 8 9 
I I I 
14 1§ 16 


0.02 0.02 0.02 


Stetina ere teater Peicesccce | 
$7.21 61,17 41.00 


2 ¢ 3.16 22°57, 212 229 h1,17-°-- 61.01 


TEMPERATURES OW NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 23.400000 
THE MAXIMUM TEMPERATURE IS - 9.617830+01 (*-051) 
MAX. TEMP. APPEARS AT NODES - 1 2 3 16 17 
18 
THE MINIMUM TEMPERATURE IS - 4&.100685+01 (*°0.1) 
MIN. TEMP. APPEARS AY NODES - 1§ 30 


THE STEADY STATE CALCULATIONS KAVE BEEN COMPLETEO. 


WUMBER OF ITERATIONS COMPLETEO = 236 
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CURRENT TIME = 19:42:19.18 


NEATINGS 


GROSS GRID 


FINE GRIO 
DISTANCE 


0.00 
3.14 


GROSS GRIO 


FIWE GRIO 
OISTANCE 


0.00 


ACRR WKEAT OEPOSITION TRANSIENT @2 - 100KW to 2mw in 10 sec. 1em PC 

TRANSIENT TEMPERATURE OISTRIBUTION AFTER 1 TIME STEPS, TIME = 2.101840-02 
4 2 3 4 5 6 
I I I | I | 
1 2 3 4 5 6 t 8 9 10 11 12 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
| rr | eeeeseeeece Joeccsece | i ie Jerecececofos 
0.00 96.18 96.18 96.13 96.00 95.79 95.52 76.35 76.15 73.91 75.65 75.34 57.32 


0.00- == +96. 18+ == -96. 18+ - == 96.13 9999 96.00+ == 95. PP 9 O55 1299 26.3529 9 = 2618-22 FSI 75.652 7S. She 57.32 


7 8 9 

I I I 

14 15 16 
0.02 0.02 0.02 

sg od ln Perctc ces | 
57.21 61.17 41.00 


B.16 2957.21 2-8 961. 172222 61.01 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNOARY NUMBER TEMPERATURE 
1 23.600766 


TNE CURRENT TIME STEP (OELTAT) © 2.101862660-02 


THE MAXIMUM TEMPERATURE IS - 9.617800+01 (*-0.1) 

MAX. TEMP. APPEARS AT NODES - 1 2 3 16 17 
18 

TNE MINIMUM TEMPERATURE IS - 4&,10048D+01 (2-051) 

MIN, TEMP. APPEARS AT NODES - 1§ 30 
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CURRENT TIME @ 19:462:46.70 


WEATINGS 


GROSS GRID 


FIWE GRID 
DISTANCE 


1 1 0.00 
e 2 3.14 


GROSS GRID 


FIWE GRID 
DISTANCE 


ACRR WHEAT OEPOSITIOm TRANSIENT #2 - 100KW to 2m im 10 sec. 184 PC 
TRAMSIENT TEMPERATURE DISTRISUTION AFTER 238 TIME STEPS, TIME = $.00172D+00 
1 2 3 & 5 6 
! ! I ! i I 
1 2 3 4 5 6 7 8 9 10 1 12 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
Jocencccccccccncce Jee e ces cecc cree cccce cece ccc cec cence Jecceacece feenceciseseaeeseces sa canaceucsiaeeee efeccccece I-- 


0.00 102.17 102.28 102.28 102.26 102.16 101.98 &.17 & .01 83.83 83.58 83.22 $8.72 
0.00-+-102.17-++102. 28--* 102. 28---102.26++-102. 16---101.98----84.17----84.01----B3.82----83.58----83.22----58.72 


7 8 9 
J i ! 
16 15 16 


0.02 0.02 0.02 


*e#toeoeeeeneoevanneansn ! eeeecen coef 


1 1 0.00 


$8.59 61.61 61.26 


2 2 3.16 29-$8 89-22 961.6192 9 261.26 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 23.582356 


THE CURRENT TIME STEP (DELTAT) @ 2.100738600-02 


THE MAXIMUM TEMPERATURE 18 - 1.022790+02 (*-0.1) 

MAX. TEMP. APPEARS AT NODES - 2 3 6 17 18 
19 

THE MIMIMUM TEMPERATURE 1S - 6.123690+01 (*-0.1) 

MIN. TEMP, APPEARS AT WODES - 15 30 
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CURRENT TIME © 19:63:16.55 
WEATINGS ACRR KEAT DEPOSITION TRANSIENT #2 - 100KW to 2ew in 10 sec. 18m PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER 476 TIME STEPS, TIME = 9.995720-00 
GROSS GRID 1 2 3 6 5 6 
I I I I I | 
FINE GRID 1 2 3 4 5 6 7 8 9 10 11 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
Peececeectccccaces | ie [occceces { oe ee tomer eeeces ease eseastoaastsasee [occcecee J-- 
at 1 0.00 0.00 120.61 120.80 120.86 120.96 121.06 120.97 106.73 106.59 106.40 106.08 105.52 65.82 
2 2 3.14 0.00---120.61---120.80---120.86---120.96---121.04---120.97---106. 73---106.59---106.40---106.08---105.52----65.82 
GROSS GRID 7 8 9 
| I I 
FIWE GRID 16 15 16 
DISTANCE 0.02 0.02 0.02 
ee | re | 
1 1 0.00 65.62 63.28 £3.06 
2 2 3.16 ---65.62----463.28----463.06 
TEMPERATURES OWN WUMBERED BOUNDARIES 
BOUNDARY NUMBER TEMPERATURE 
1 23..764627 
THE CURRENT TIME STEP (DELTAT) © 2.096991040-02 
THE MAXIMUM TEMPERATURE [5 - 1.209560+02 (+-0.1) 
MAX. TEMP. APPEARS AT NOQOES ‘ 4 5 6 18 19 
20 21 
THE MINIMUM TEMPERATURE 15 - &.306010-01 (*-0.1) 
MIN. TEMP, APPEARS AT NODES C 1$ 30 


134 





CURRENT TIME = 19:44:10.51 
NEATINGS 
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ACRR HEAT DEPOSITION TRANSIENT #2 - 100KW to 20wW in 10 sec. 18 PC 
TRANSIENT TEMPERATURE DISTRIGUTION AFTER 956 TIME STEPS, TIME = 1.999500+01 
GROSS GRIO 1 2 3 4 5 6 
I | I 
FINE GRIO 1 2 3 4 5 6 ¢ 8 9 10 11 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.0! 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
| eaeseceseces eeccece)] eeerecece Peace esesesesecesreeccecsososeoses I eeecee eoleoces BOSC Seeeoenea sesceneseernaaneseeeeee | oS 
1 4 0.00 0.00 169.56 169.70 169.78 169.92 170.06 170.06 160.52 160.32 159.90 1§9.21 158.13 86 
2 2 3.16 0.00---169.55---169.70---169. 78: --169.92---170.06---170.04- -- 160.52---160.32---159.90---159.21---158.13--> -95.86 
GROSS GRIO 7 8 9 
I I | 
FINE GRIO 14 15 16 
OIS TANCE 0.02 0.02 0.02 
eocsceceoe eoccce|serercce] 
1 #1 0.00 95.49 52.96 $2.84 
2 2 3.16 +°-95.69----§2.96----52.546 
TEMPERATURES ON NUMBERED BOUNDARIES 
BOUNDARY NUMBER TEMPERATURE 
1 26.128984 
THE CURRENT TIME STEP (OELTAT) = 2.068856760-02 
THE MAXIMUM TEMPERATURE IS - 1.700590+02 (*-0.1) 
MAX. TEMP. APPEARS AT NOOES - 5 6 20 21 
THE MINIMUM TEMPERATURE IS - §$.254260+01 (+-0.1) 
MIN. TEMP. APPEARS AT NOOES - 1§ 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


WUMBER OF TIME 
TIME STEPS 
1000 2.09050+01 1 1.739260+02 
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CURRENT TIME # 19:45: 7.64 


WEATINGS 


GROSS GRIO 


FIWE GRIO 
OISTANCE 


4 0.00 
ce 3.16 


GROSS GRIO 


FINE GRIO 
OL STANCE 


+ 1 0.00 


ACRR HEAT OEPOSITION TRANSIENT #2 - 100KW to 2m in 10 sec. 18M PC 

TRANSIENT TEMPERATURE DISTRISUTION AFTER 1443 TIME STEPS, TIME = 2.99942D-01 
’ 2 3 é 5 6 
I I I 1 I 1 
’ 2 3 6 5 6 ? 8 9 10 1 12 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.03 0.09 0.03 0.01 0.02 0.02 0.02 
I atatatatatataleiotatwienn aiereie I eavccececeecace See eeceseeeeraseeetesece I eeececcce 1 Peete er ee ee ee ee ee ee Re ee ee | eecaceae Je- 


0.00 216.59 216.70 216.77 216.88 216.96 216.87 205.57 205.26 204.62 203.59 202.07 131.27 
0.00-*-216.59-*-216.70---216.77-+-216.B8-+-216.96---216.87---205.57--+205.26---204.62- --203.59---202.07---131.27 


7 8 9 
I I I 
14 15 16 


0.02 0.02 0.02 = 


Gils wees s/s eee | 
130.76 63.42 62.7% 


2 @ 3.16 +930. 76--+-63.42----62.76 


TEMPERATURES OWN NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
’ 26 .4935460 


THE CURRENT TIME STEP (OELTAT) = 2.035783140-02 


THE MAXIMUM TEMPERATURE IS > 2.168800+02 Ce=0.1) 

MAX. TEMP. APPEARS AT NODES - & 5 6 19 20 
21 

THE MINIMUM TEMPERATURE IS - 6.273510¢01 (e=0° 2) 

MIN. TEMP, APPEARS AT NODES - 1§ 30 


WIMBER OF TIME 
TIME STEPS 


TASLE FOR SPECIAL MONITORING OF TEMPERATURES 


BSPRSSERSTTSESTSESSSEssesssesescuseers NODE NUMBERS ANDO TEMPERATURES suueuxxzxze ee EEEEEESESEEEESESSEESSSESSSS 


2000 &.0472D-01 1 2.630630+02 
3000 $.63490°0! 1 3.272840+02 
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CURRENT TIME = 19:468:461.63 


HEATINGS 


GROSS GRI0 


FIWE GRI0 
OISTANCE 


1 0.00 
ao 2 3.16 


GROSS GRIO 


FIWE GRIO 
OISTANCE 


ACRR WEAT OEPOSITION TRANSIENT @2 - 100KW to 2MwW im 10 sec. 16M PC 

TRANSIENT TEMPERATURE OISTRISUTION AFTER 3255 TIME STEPS, TIME = 6.000690+01 
1 2 3 & 5 6 
I I I 1 | I 
1 2 3 4 5 6 7 8 9 10 1 12 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
Joc ceccccccaccccne [occ cece ccc ccc cece sce cccccccncccace Joeeceeee peice cone aie sue eats scine oe cate are ciataa ote Jocceccccfes 


0.00 341.05 341.11 341.06 340.77 340.26 339.37 395.84 304.87 303.36 301.23 298.41 202.57 
0.00---341.05---341.11---341.04---340.77---340.26---339.37---305.84---304.87- --303.36---301.23---298.41--- 202.57 


| 0.00 201.56 8&4 .82 83.29 
a 3.16 --201.56----84.82----83.29 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 25.587751 


THE CURRENT TIME STEP (OELTAT) = 1.409967260-02 


THE MAXIMUM TEMPERATURE 1S - 3.410520+02 (*-0.1) 

MAX. TEMP. APPEARS AT NODES - 1 2 3 16 17 
18 

THE MINIMUM TEMPERATURE 15 - 8.328510+01 (*-0.1) 

MIN. TEMP. APPEARS AT WOOES - 1§ 30 


eeere TABLE 3 MUST BE EVALUATEO FOR 6.000687940-01 
THE VALUE OF THE FUNCTION WILL BE 2.000000000+01 FOR ALL ARGUMENTS GREATER THAN 6.000000000-01 


WUMBER OF TIME 


TIME STEPS 


E888 


TABLE FOR SPECIAL MOWITORING OF TEMPERATURES 


SSSESSSSSSSSSSSSSSSSSSSssssssssssssssss NODE NUMBERS ANDO TEMPERATURES sasuuusesssssssesessseeestseeasesessees 


7.00690°01 = 1:« 3. 76847002 

8.23680°01 =. 1:—«&. 16685002 : 

9.3701D901 —s-1:—«& 49661002 S 
1.04300°02 = 1:«&. 769610402 

1.14340°02 =. 1: §.003350+02 
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CURRENT TIME = 19:59:20.90 


WEATINGS ACRR HEAT OEPOSITION TRANSIENT #2 - 100KW to 2m in 10 sec. 18M PC 
TRANSIENT TEMPERATURE OISTRIBUTION AFTER 8584 TIME STEPS, TIME = 1.19998D+02 
GROSS GRIO 1 2 3 ra 5 6 
I ! ! ! ! I 
FINE GRIO 1 2 3 & 5 6 7 8 9 10 1 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
| Jor crew eecc cr rcreescreescosscesecese Jocccceen | | [ee 
) ee | 0.00 0.00 512.467 $12.49 511.95 510.68 508.13 504.80 621.23 418.60 615.28 611.19 606.25 275.73 
2 2 3.16 0.00---512.67---512,.69---511.95---510.68---508.13---504.80---621.23---618.60°--415.28--°611.19---606.25-*-275.73 
GROSS GRIO 7 8 9 
! ! I 
FINE GRIO 14 1§ 16 
OISTANCE 0.02 0.02 0.02 
ee ee ee J[-++---e ee] 
1 1 0.00 276.02 104.47 101.73 
2 2 3.16 -*276.02+--106.67---101.73 


TEMPERATURES ON NUMBEREO BOUNDARIES 


BOUNOARY MUMBER TEMPERATURE 
1 27.776930 


THE CURRENT TIME STEP (DELTAT) = 9,.56693867D-03 


THE MAXIMUM TEMPERATURE IS - 5.126690*02 (*-0.1) 

MAX. TEMP. APPEARS AT NODES - 1 2 16 17 
THE MIMIMUM TEMPERATURE IS - 1.017270+02 (+-0.1) 

MIM, TEMP. APPEARS AT NOOES 15 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


WMBER OF TIME SSERSSSSSSLSSSTTEREEEEEESESEEaxezeess WODE NUMBERS AND TEMPERATURES euuxeuuceseseuresuEseusssesesssseesass 
TIME STEPS 

9000 1.23950°02 1 §.20527+02 

10000 1,33200+02 1 5.381467D+02 

11000 1.42160+02 1 $.536320+02 

12000 1.5087D+02 1 5.673250+02 

13000 1.593802 1 5. 79506002 

14000 1.67700+02 1 5.903950+02 

15000 1.75840+02 1 6.001670+02 
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CURRENT TIME = 20:13:23.41 


HEATINGS ACRR HEAT DEPOSITION TRANSIENT #2 - 100KW to 2w in 10 sec. 184 PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTERISS1S TIME STEPS, TIME = 1.79997D-02 
GROSS GRID 1 2 3 4 5 6 
I | | | | | 
FINE GRIO 1 2 3 4 5 6 7 8 9 10 11 12 13 


OI STANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 

Joce nec cece cceeee [ote cece cc cw en wees ccwcscecensccnses [-eecceee J occ ete enw weene Coc ccccccccccccccce eo ececcccefoe 

1 4 0.00 0.00 604.80 604.81 603.93 601.60 $97.95 592.91 482.19 678.43 473.91 668.58 462.34 313.42 
fre 3.14 0.00---604.80- --604.81---603.93---601.60---597.95---592.91---482.19---478.43---473.91---668.58- --462.34---313.42 


GROSS GRIO 7 8 9 
I I I 
FINE GRID 14 1$ 16 
DISTANCE 0.02 0.02 0.02 
eeeneveeeeeere J ercrcece | 
1 #1 0.00 311.31 113.65 110.19 
¢ 2 3.16 9 2319.31°°°113.65---110.19 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 29 .962601 


THE CURRENT TIME STEP (DELTAT) = 8.029227390-03 


THE MAXIMUM TEMPERATURE 18 - 6.04797D+02 (*-0.1) 

MAX. TEMP. APPEARS AT NODES - 1 2 16 17 
THE MINIMUM TEMPERATURE I$ - 1.101880+02 (*-0.1) 

MIN. TEMP. APPEARS AT NODES - 15 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


MMBER OF TIME Sear ezcRazsaagezzzszszzezszszazzzasezzzs NODE NUMBERS ANO TEMPERATURES sauzzzanananeaas cz SR ARecResesszes2aseae 
TIME STEPS 

16000 1.6389+02 1 6.089740+02 

17000 1.91810°02 1 6.16938+02 

18000 1.99630«02 1 6.24158+02 

19000 2.07340+02 1 6.307150+02 

20000 2.15010¢02 1 6.366820+02 

21000 2.22590°02 1 6.421180*02 

22000 2.30110902 1 6.470780+02 

23000 2.37560°02 1 6.516090*02 
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CURRENT TIME = 20:29:21.58 


WEATINGS ACRR HEAT OEPOSITION TRANSIENT #2 - 100KW to 2my im 10 sec. lem PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER23328 TIME STEPS, TIME = 2.39997D-02 
GROSS GRID 1 2 3 4 5 é 
1 1 1 I | 
FIME GRIO 1 2 3 & $ 6 7 8 9 10 11 12 13 


OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 

| a | Joeeccese | eee Loceereece I-- 

i -9 0.00 0.00 653.01 653.01 651.95 649.16 666.76 638.75 $16.53 $10.13 $046.96 698.89 691.91 333.58 
2 2 3.16 0.00---653.01---653.01---651.95---649. 16--- 646, 76-- +638. 75-*+S16.53-*-510.13---$04.96---498.89---491.91-- - 333.58 


GROSS GRID 7 8 9 ° 
i I I 
FINE GRID 16 1$ 16 
OISTANCE 0.02 0.02 0.02 
Se ee ee 1 eenwecae | 
a 4 0.00 331.25 118.27 114.39 
2 2 3.16 ©-331.252°°118. 27222 196.39 


TEMPERATURES OWN NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 32. 149880 


THE CURRENT TIME STEP (OELTAT) = 7.411635780-03 


THE MAXIMUM TEMPERATURE IS - 6.530000*02 (*-0.1) 

WAX. TEMP. APPEARS AT NODES - 1 2 16 17 
THE MINIMUM TEMPERATURE IS - 1.163950*02 (¢-0.1) 

MIN. TEMP. APPEARS AT WODES - 1§ 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


MUMBER OF T IME SVCCTCCTSSSSSTSSSSSTSSESSSSSSEESEEZEsss WODOE WUMBERS ANDO TEMPERATURES suseeeee seer ezeeez esses TESETTSSSTSETSSE 
TIME STEPS 

24000 2.44970402 1 6.557530°02 

25000 2.523202 1 6.595460°02 

26000 2.59630+02 1 6.63022D°02 

27000 2.66900+02 1 6.662090+02 

28000 2.746160002 1 6.691340+02 

29000 2.81340+02 1 6.718210+02 

30000 2.88520+02 1 6.762890+02 

31000 2. 9566002 1 6.765590+02 
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CURRENT TIME = 20:46:19.79 


MEATINGS 


ACRR HEAT DEPOSITION TRANSIENT #2 - 100KW to 2w in 10 sec. [gm PC 
TRAMSIENT TEMPERATURE DISTRIBUTIOM AFTER3I609 TIME STEPS, TIME = 3.000000+02 
GROSS GRID 1 2 3 4 5 6 
I | | | | I 
FIWE GRID 1 2 3 4 5 6 7 8 9 10 11 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.0% 0.01 0.02 0.02 0.02 
] LLL LL SSDS O SS Oe 8S | el ] ececaeeons | ee i 1 eccccese ) 
1 1 0.00 0.00 677.85 677.85 676.69 673.62 668.86 662.32 $31.28 $26.56 $20.99 $16.86 $07.19 344.02 
22 8.16 0.00---677.85---677.85---676.69-- "673.62 == 668.846- + -662.32---531.28---526.56-+-520.99---516.56---507.19->- Shh .02 
GROSS GRID Tv 8 9 
| J J 
FIWE GRID 14 1$ 16 
DISTANCE 0.02 0.02 0.02 
eeeseeasreeeeee Jeececcece] 
1 1 0.00 341.57 120.60 116.80 
cure 3.16 --341.57---120.60---116.50 
TEMPERATURES ON NUMBERED BOUNDARIES 
BOUNDARY WUMBER TEMPERATURE 
1 34.3375 18 
THE CURRENT TIME STEP (DELTAT) = 7.117360140-C3 
THE MAXIMUM TEMPERATURE IS - 6.778510+02 (#-0.1) 
MAX. TEMP. APPEARS AT NODES = 1 2 16 17 
THE MINIMUM TEMPERATURE IS - 1.165020+02 (¢-0.1) 
MIN. TEMP. APPEARS AT WODES . 15 30 
TABLE FOR SPECIAL MOWITORIWG OF TEMPERATURES 
WUMBER OF TIME SUSSSESAAATESSESEsassasaryasssssssssssss NODE WUMBERS ANDO TEMPERATURES suusssasssussssssssscaeseEssssssessssss 
TIME STEPS 
32000 3.0278+02 1 6. 78647002 
33000 3.09880+02 1 6.805690+02 
34000 3. 16950+02 1 6.823380+02 
35000 3.24010+02 1 6.839710+02 
36000 3.31050+02 1 6.85478+02 
37000 3.3807D+02 1 6.868710+02 
38000 3.450802 1 6.88157D+02 
39000 3.5207D+02 1 6.893450+02 
40000 3.$9050+02 1 6.904420+02 


14] 





CURRENT TIME © 21: 


HEATINGS 


GROSS GRID 


FINE GRIO 
OISTANCE 


1 1 0.00 
2 2 3.16 


GROSS GRID 


FINE GRIO 
OISTANCE 


1 #1 0.00 
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3:49.31 
ACRR HEAT DEPOSITION TRANSIENT 82 - 100KW to OW in 10 sec. 16m PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTERGOI3S6 TIME STEPS, TIME = 3.599990+02 
1 2 3 4 5 
I I I I I 
1 2 3 4 5 ) 7 8 9 10 1 12 


0.00 690.58 690.59 689.37 686.16 681.18 674.39 539.83 534.91 $29.17 $22.55 516.97 


0.00---690.58---690.59---689.37-- -686. 16---681,18---676.39---539.83---534.91---§29.17---§22.55--°516.97---349. 34 


0.02 0.02 0.02 


pa wie sie wines Jocccccce] 
346.82 121.76 3=117.55 


2 2 3.16 ++346.82---121.76-+-117.55 


THE MAXIMUM 


TEMPERAT 


BOUNDARY NUMBER 


1 


THE CURRENT T 


TEMPERATURE I$ - 


WAX. TEMP, APPEARS AT NODES - 


THE MINI Ue 


TEMPERATURE IS - 


MIN. TEMP. APPEARS AT WODES - 


WUMBER OF 
TIME STEPS 
41000 
42000 
43000 
44000 
65000 
6000 
47000 
48000 


TIME 


3.6602D+02 
3.7298 +02 
3.799202 
3. 8684002 
3.93790*02 
&.00710+02 
&.07630+02 
&.14530902 


6.916550+02 
&6.923920+02 
6.932580+02 
&.940580+02 
6.96797D+02 
6.954810+02 
6.961130+02 
6. 96698002 


URES ON NUMBERED SOUNDARIES 


TEMPERATURE 
36 .526968 


IME STEP (DELTAT) = 6.972291490-03 


6.9058460+02 (+°0.1) 

1 2 16 17 
1.175540+02 (*-0.1) 

1§ 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 
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CURRENT TIME © 21:21:34.97 


WEATINGS ACRR HEAT DEPOSITION TRANSIENT #2 - 100KW to Qew in 10 sec. 1B PC 
TRANSIENT TEMPERATURE OISTRIGUTION AFTERGS792 TIME STEPS, TIME = 6.199990002 
GROSS GRID 1 2 3 4 5 6 
I I I I I | 
FINE GRID 1 2 3 6 5 6 7 8 9 10 11 12 13 


DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 

Joes ccececccccccee Jere ccc ccc cece ce nec c cree cece ceccecee Jorcrecee Joc ccc cc cccccncc cece cccccccccccccces Joccecece I-° 

1 4 0.00 0.00 697.13 697.13 695.89 692.61 687.53 680.60 564.18 539.17 533.354 526.61 518.92 352.06 
2 2 3.16 0.00- --697.13---697.13---695.89- --692.61---687.53---680.60---544.18---539.17---533.34---526.61---518.92- --352.0 


GROSS GRID 7 8 9 
i I 1 
FiWE GRID 146 15 16 
DISTANCE 0.02 0.02 0.02 
eeeeeteoracconen Jo cecccee] 
1 1 0.00 349.50 122.36 118.10 
2 2 3.16 --349,50--°122.36---118.10 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 38.712445 


THE CURRENT TIME STEP (DELTAT) = 6.899170620-C3 


THE MAXIMUM TEMPERATURE IS - 6.971300+02 (*-0.1) 

MAX. TEMP. APPEARS AT WODES - 1 2 16 17 
THE MINIMUM TEMPERATURE IS - 1.18097D+02 (*=0,1) 

Min. TEMP. APPEARS AT WODES - 15 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 
WUMBER OF TIME SSVSCSSTSSTRATAaeSeeersassaseesesezaze WODE NUMBERS AND TEMPERATURES saan azn aenceaas ease ecas SSeS SSeS ee Sees 
TIME STEPS 
&9000 6.21430*02 
$0000 &. 2833002 
$1000 &.35220+02 6.982020+02 
52000 &.4210002 6.986310+02 


1 6.97239 202 

1 

1 

1 
$3000 6 4898002 1 6.99027%+02 

1 

1 

1 

1 


6.9773 W202 


$4000 &.55860°02 6.9939460002 
$5000 662730902 6.99734002 
$6000 &.69600+02 7 .000480+02 
$7000 6. 76670+02 7.003390+02 
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CMRENT TIME = 21:39:29. 20 


WEATINGS ACRR HEAT OEPOSITION TRANSIENT #2 - 100KW to 2W in 10 sec. 18M PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTERS7S15 TIME STEPS, TIME = &4,.800000-02 
GROSS GRID 1 2 3 4 5 6 
I | I I I | 
FIWE GRIO 1 2 3 & 5 6 7 8 9 10 11 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
fedesseuce Vacs Joes cece enc ecc cece cree ccc ceccesccees fees sce [ins ceeseeie se eo cece neue ess meeen sc. c6 Seeeeer ss Ie 


t 4 0.00 0.00 700.48 700.68 699.22 695.91 690.77 683.77 $46.61 $61.36 $35.67 $28.70 $20.95 353.46 
2 2 3.14 0.00-++700.68---700.48---699.22---695.91---690.77-- -683.77---$46.61---$61.36---$38.467- --$28.70---$20.95---353.44 


GROSS GRID 7 8 9 

i I ! 

FIWE GRID 14 1§ 16 
OISTANCE 0.02 0.02 0.02 

ec cccncccccere os | 
1 1 0.00 350.88 122.71 118.41 
2 2 3.16 +-390.88---122.71---118.41 


TEMPERATURES OW NUMBEREO BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 40.900000 


THE CURRENT TIME STEP (OELTAT) = 6.862347660-03 


THE MAXIMUM TEMPERATURE IS - 7.006810°02 (*-0.1) 

MAX. TEMP. APPEARS AY NODES - 1 2 16 17 
THE MINIMUM TEMPERATURE IS - 1.18090+02 (*-0.1) 

MIN. TEMP. APPEARS AT NOOES - 1§ 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


MUMBER OF TIME RECERESeeeeeseaeeeseeseeaaesaeessessens NODE NUMBERS AND TEMPERATURES sauunencececeeeeececggegeeseeseaseseses 
TIME STEPS 

$8000 & 8333002 1 7.006090+02 
$9000 4.901902 1 7.008590+02 
60000 & 9705002 1 7.010900+02 
61000 5 0390002 1 7.01304002 
62000 5.1073002 1 7.015030+02 
63000 5.17600+02 1 7.01686002 
64000 52645002 1 7.018560¢02 
65000 $.31300¢02 1 7.020140+02 
66000 §.38140°02 1 7.021600¢02 
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CURRENT TIME = 21:57:30.146 


WEATINGS ACRR HEAT DEPOSITION TRANSIENT #2 - 100KW to QW in 10 sec. 18m PC 
TRANSIENT TEMPERATURE DISTRIGUTION AFTERG6271 TIME STEPS, TIME = 5.399990+02 
GROSS GRID 1 2 3 4 5 6 
I ! ! I I ! 
FINE GRIO 1 2 3 & 5 6 7 8 9 10 11 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
eee rr | oe Joc-ccene | ee ee ee Joccrecece Jee 
1 1 0.00 0.00 702.20 702.20 700.93 697.60 692.44 685.40 547.56 5462.48 536.57 $29.76 521.99 354.15 
2 2 3.14 0.00-++702.20---702.20-*-700.93---697.60---692.44---685 .40---547., 56---§42 .68- --536.57-* 529. 762° 9521. 99° = 2354.15 
GROSS GRID 7 8 9 ° 
! I J 
FIwE GRID 14 1§ 16 


DISTANCE 0.02 0.02 0.02 


THE 


MAX. 


THE 


MUMBER OF 


TIME STEPS 
67000 


seescesecenses (eppscon |) 
0.00 351.58 122.86 118.55 
3.16 -*351.58---122.86---118.55 
TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 40.900000 


THE CURRENT TIME STEP (DELTAT) = 6.844302210-03 


MAXIMQUM TEMPERATURE [IS - 7.02197D+02 (¢-0.1) 

TEMP, APPEARS AT NODES - 1 2 16 17 
MINIMUM TEMPERATURE IS - 1.185530¢02 (e051) 

TEMP. APPEARS AT NODES - 1§ 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


TIME SECA AA AAASeAeee Er eaereeeeexeazezexeaez2c NODE NUMBERS AND TEMPERATURES eecececezarcecegeceezeecererereaettsese 
5 .64990+02 1 7.022950¢02 
5.$1830+02 1 7.026200+02 
5 .$867D+02 1 7.025360+02 
5 .65510+02 1 7,.026430+02 
5 72350402 1 7.027620+02 
5. 7919002 1 7.028340°02 
$ .86030+02 1 7.029200+02 
5 .92860+02 1 7.029990+02 
5. 99700002 1 7,03072D+02 
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CURRENT TIME = 22:15:32.77 


HEATINGS ACRR HEAT DEPOSITION TRANSIENT #2 - 100KW to OW in 10 sec. 1am PC 
TRANSIENT TEMPERATURE OISTRIGUTION AFTERTSOG4 TIME STEPS, TIME = 5.999990+02 
GROSS GRID 1 2 3 4 5 6 
I I I I I 
FIWE GRIO 1 2 3 4 5 6 7, 8 9 10 11 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
JPoccccecce eeccesere | ed Jorrcceee Joc ec cc cece c ccc cccccccccereccecctere Jocceceses Je-- 
1 1 0.00 0.00 703.07 703.07 701.81 698.47 693.29 686.23 568.16 $643.05 $37.12 $30.31 $22.52 354.52 
rae 4 3.16 0.00---703.07---703.07---701.81---698.47---693 .29---686.23---5468.14---543 .05---537.12---530.31-- -522.52---354.52 
GROSS GAIO T 8 9 
1 I I 
FINE GRID 16 15 16 
OISTANCE 0.02 0.02 0.02 
weooreereeccces | re | 
1 1 0.00 351.96 122.95 118.63 
2 2 3.16 +-351,96---122.95>--118.63 
TEMPERATURES OM NUMBERED BOUNDARIES 
BOUNDARY NUMBER TEMPERATURE 
1 40.900000 
THE CURRENT TIME STEP (DELTAT) = 6.835099240-03 
THE MAXIMUM TEMPERATURE IS - 7,030750+02 (+-0.1) 
MAX. TEMP, APPEARS AT NODES = 1 2 16 17 
THE MINIMUM TEMPERATURE I$ - 1. 186260+02 (¢-0.1) 


MIN. TEMP. AP 


WUMBER OF TIME 


15 30 


PEARS AT NOOES 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


RRRRERRSRARRERTSSRESBeseeeeeeeeezeezes NOOE NUMBERS AND TEMPERATURES su ean eae eee SSE eee REREESERELEREEESSSTASS 


TIME STEPS 
76000 6.06530+02 
77000 6.13370*02 
78000 6.20200+02 
79000 6.27030+02 
80000 6. 3387002 
81000 6.40700*02 
82000 6.47530+02 
83000 6.$4360°02 


7.031390+02 
703202002 
7.032600+02 
7.033140*02 
7.03364002 
7.034100+02 
7.034530+02 
7.034930+02 
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CURRENT TIME = 22:33:36.51 


WEATINGS 


GROSS GRID 


FIWE GRID 
DISTANCE 


1 1 0.00 
ra rs 3.16 


GROSS GRID 


FIWE GRIO 
OISTANCE 


1, 4 0.00 


ACRR HEAT DEPOSITION TRANSIENT #2 - 1D0KW to 2mw in 10 sec. lem PC 

TRANSIENT TEMPERATURE OLSTRIBUTION AFTERB3826 TIME STEPS, TIME = 6.60002D+02 
1 2 3 & 5 6 
1 | I 1 1 1 
1 2 3 4 5 6 7 8 9 10 11 12 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
I Sees eneeeveeseose 1 eee ee ee ee ee oe I eeeveecee 1 ee a Jocreoreeetcs 


0.00 703.52 703.52 702.25 698.91 693.72 686.66 568.66 $63.34 $37.61 $30.59 522.79 354.7% 
0.00-*-703.52++-703.52---702.25- --698.91---693.72- - -686.66>--548.66-*-563.34-+-§37.461-+-530.59---522. 79- --354.70 


7 8 9 
I I I 
14 1§ 16 


0.02 0.02 0.02 


eee see sss OO SEOC | 
352.12 122.99 118.66 


2 2 3.16 +-352.12---122.99---118.66 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 40.900000 


THE CURRENT TIME STEP (OELTAT) = 6.83040438-03 


A 


THE MAXIMUM TEMPERATURE IS - 7.035230¢02 (*-0-1) 

MAX, TEMP. APPEARS AT WODES - j 2 16 17 
THE MINIMUM TEMPERATURE IS - 1.186630+02 (*-0.1) 

MiW. TEMP. APPEARS AT NODES - 15 30 


MUMBSER OF TIME 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


RERETSRTRARERERESSSRERREEREseesezsezes NODE NUMBERS AND TEMPERATURES suzutuueeeaseeeeec ees SESE EZERESEL ES aaESS 


TIME STEPS 

84000 6.611% 02 1 7.03529002 

85000 6.6802D+02 1 7.035630+02 

86000 6.74880°02 1 7.035950+02 

87000 6.8168+02 1 7.036260+02 

88000 6.885 1002 1 7.036510+02 e 
89000 6.95340+02 1 7.03467640+02 

90000 7.02170*02 1 7.036990+02 

91000 7.09000+02 1 7.037210*02 

92000 7. 1582D«02 1 7.037410¢02 


eoere TABLE 8 MUST BE EVALUATED FOR 7.200025110°02 


THE VALUE OF THE FUNCTION WILL BE 4&.090000000+01 FOR ALL ARGUMENTS GREATER THAN 7.200000000°02 
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CURRENT TIME © 22:51:5460.76 


MEATINGS 


GROSS GRID 


FINE GRIO 
DISTANCE 


1 1 0.00 
2 2 3.16 


GROSS GRID 


FIWE GRIO 
OISTANCE 


1 1 0.00 


ACRR HEAT OEPOSITION TRANSIENT #2 - 100KW to 24w in 10 sec. 1Bm PC 

TRANSIENT TEMPERATURE DISTRIBUTION AFTER92612 TIME STEPS, TIME = 7.200030+02 
1 2 3 6 5 6 
I I I I J I 
1 2 3 & 5 6 7 8 9 10 "1 12 13 


0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 

Joc eececeeee cece fee e tence een eect ence cece sc etcwe cece [--eeeeee [So tsesceee eee Sovafine seee hee 
0.00 703.75 703.75 702.48 699.16 693.96 686.87 5468.59 563.69 537.55 $30.73 $22.93 354.79 
0.00---703.75---703.75---702.68> = "699. 16--- 693.96 - = 686.87-- 568.59 --563.49---537.55---530.73---522.93---354.79 


7 8 9 

I i I 
14 15 16 
0.02 0.02 0.02 


@eeeeonceae ces ecee] @eeseeaetes I 
352.21 


123.01 118.68 


2 e 3.16 --352.21---123.01---118.68 


TEMPERATURES OWN NUMBEREO BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 60.900000 


THE CURRENT TIME STEP (OELTAT) = 6.828008520-03 


THE MAXIMUM TEMPERATURE IS - 7.037520+02 (*-0,1) 

WAX, TEMP. APPEARS AT MODES - 1 2 16 17 
THE MIWIMUM TEMPERATURE IS - 1.186820+02 (+-0.1) 

MIN. TEMP. APPEARS AT WOOES - 15 30 


THE TRANSIENT CALCULATIONS HAVE BEEN COMPLETED. — 


FIWAL TIME 


I$ 7.200030*02 


WUMBER OF TIME STEPS COMPLETEO = 92612 
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BEGIN TNE STEADY STATE CALCULATIONS 
WUMBER OF EXTRAPOLATIOm 
ITERATIONS CONVERGENCE WODE TEMPERATURE FACTOR 
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CURRENT TIME @ 22:51:341.29 


HEAT INGS 


GROSS GRIO 


FIWE GRIO 
OISTANCE 


oA 0.00 
2 2 3.14 


GROSS GRIO 


FIWE GRIO 
OISTANCE 


1 1 0.00 


ACRR HEAT OEPOSITION TRANSIENT @2 - 100KW to 2Mw in 10 sec. ea PC 
STEADY STATE TEMPERATURE OISTRIGUTIONM AFTER 2 ITERATIONS, TIME » 7.200030+02 
1 2 3 & 3 6 
i j j I I j 
1 2 3 % b) 6 7 8 9 10 11 12 13 


0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 


Je eeeee re eo Pwreeseeteteereceseretooncers I eeecee oe] CP ereetoeseoceeseereeseetecesaestseses os i 


0.00 703.75 703.76 702.69 699.16 693.95 686.89 568.59 $63.49 $37.56 530.73 $22.93 354.80 
0.00-+-703.75-+-703.76---702.49---699. 16---693.95-+ -686.89---568.59---$43.69---537,56---530.73---522.93---356.80 


? 8 9 ’ 
i I I 
16 15 16 
0.02 0.02 0.02 
ws teceeeeees [reereeee] 
382.21 123.01 118.68 


2 2 3.14 +-352.21---123.01---118.68 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNOARY WUMBER TEMPERATURE 
1 60.900000 
THE PRAXIMUM TEMPERATURE 18 - 7.037540+02 (**0.1) 
MAX. TEMP, APPEARS AT NODES - 1 2 16 17 
THE MINIMUM TEMPERATURE I$ - 1.186820+02 (*-0.1) 
MIN. TEMP, APPEARS AY WODES - 15 30 


THE STEADY STATE CALCULATIONS HAVE BEEN COMPLETED. 


WUMBER OF ITERATIONS COMPLETEO = 2 


r 006096 0009000000008 6 0000000080008 0000560600600 0 00000006 t beet b bbe t eee bette eee e es 


YOU ARE SUPPOSED TO PUT A BLANK CARD BETWEEN JOBS. 


1 MAVE WOT FOUND IT. 


1 SMALL GO AWEAD AND WRITE THE 


CARD 1 HAVE JUST READ AS THE JOB OESCRIPTION FOR THE WEXT JOB. 


CURRENT TIME © 22:51:461.62 

MEATINGS, A MULTI-DIMENSIONAL HEAT COMOUCTION CODE WITH TEMPERATURE-OEPENDENT THERMAL PROPERTIES, 
WON-LIWEAR AND SURFACE-TO-SURFACE BOUNDARY CONDITIONS AND CHANGE-OF-PHASE CAPABILITIES. 

THIS VERSION OF THE CODE IS DESCRIBEO IN ORWL/TM/CSO-15. 

THE TRANSIENT SOLUTION CAN BE CALCULATEO BY AN IMPLICIT TECHNIQUE (CRANK-NICOLSON OR 

BACKWARDS EULER) FOR PROBLEMS WITH MATERIALS WHICH ARE WOT ALLOWEO TO UNDERGO A PHASE CHANGE. 
THE ONE-DIMENSIONAL R SPHERICAL MODEL WAS ADOEO NOV. 75. THIS MODEL MAY BE ACCESSED 

BY SPECIFYING MGEOM = 10 IM THE INPUT OATA. 

WEATINGS WAS WRITTEN BY 
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CURRENT TIME = 16:35:22.61 DATE : 9/16/1992 

WEATINGS, A MULTI-OIMENSIONAL HEAT CONOUCTION CODE WITH TEMPERATURE-DEPENDENT THERMAL PROPERTIES, 
WOM-LINEAR AND SURFACE-TO-SURFACE BOUNOARY CONDITIONS ANO CHANGE-OF-PHASE CAPABILITIES. 

THIS VERSION OF THE CODE I$ OESCRIBED IM ORWL/TM/CSO-15. 

TWE TRANSIENT SOLUTION CAN SE CALCULATEO SY AW IMPLICIT TECHNIQUE (CRANK-NICOLSON OR 

BACKWAROS EULER) FOR PROBLEMS WITH MATERIALS WHICH ARE NOT ALLOWED TO UNDERGO A PHASE CWANGE, 

THE ONE-DIMENSIONAL R SPHERICAL MODEL WAS ADDED WOV. 75. THIS MODEL MAY BE ACCESSEO 

SY SPECIFYING NCEQM © 10 Im THE INPUT OATA. 

WEATINGS WAS WRITTEN SY 


W.D. TURNER 

D.C. ELROD 

T.1. SIMAN-TOV 

COMPUTER SCIENCES DIVISIOm 

UNION CARSIDE CORPORATION, NUCLEAR O1VI SI Om 
OAK RIOGE, TENNESSEE 37830 


THES VERSION OF HEATING CAN HAWOLE A MAXIMUM OF 400 LATTICE POINTS. 
IWPUT RETURN 


JOB DESCRIPTION-- ACRR HEAT OEPOSITION TRANSIENT #1 - 6400 MW pulse - 13 msec width @ half 
GEQMETRY TYPE NUMBER 2 (OR RT ) 

MUMBSER OF REGIONS 8 

WUMBER OF MATERIALS r 

MUMBER OF HEAT GENERATION FUNCTIONS 1 

WUMBER CF INITIAL TEMPERATURE FUNCTIONS 1 

WUMBER OF OIF FERENT KINOS OF BOUNOARIES 1 

THIS PROBLEM INVOLVES TEMPERATURE-DEPENDENT PROPERTIES. 

WUMBER OF POINTS Im GROSS KX OR R LATTICE 9 

MUMBER OF POINTS IM GROSS Y OR THETA LATTICE 2 

WUMBER OF POINTS Im GROSS Z LATTICE 0 

WUMBER OF ANALYTIC FUNCTIONS 1 

NUMBER OF TABULAR FUNCTIONS 8 

WUMBER OF TRANSIENT PRINTOUTS SPECIFIED 8 

TEMPERATURES OF SELECTED NODES WILL BE MONITORED EVERY 1000 ITERATIONS OR TIME STEPS. 
PROBLEM TYPE NUMBER 3 

STEADY STATE CONVERGENCE CRITERIOW 1.00000000-05 

MAXIMUM NUMBER OF STEADY-STATE ITERATIONS 1000 

WUMBER OF ITERATIONS BETWEEN TEMPERATURE DEPENOENT 

PARAMETER EVALUATIONS FOR STEADY STATE CALCULATIONS 0 

INITIAL OVERRELAXATION FACTOR (BETA) FOR STEADY STATE CALCULATIONS 1.90000000 
TIME INCREMENT 1.00000000-03 

LEVY'S EXPLICIT METHOD WILL SE USED WITM A TIME STEP 1 TIMES 

LARGER THAN THAT USED IN THE STANDARD TRANSIENT TECHNIQUE. 

IMITIAL TIME 0.00000000-01 

FINAL TIME 2.00000000+00 
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Pace 2 
SUMMARY OF REGION DATA 


WUMBERS AND FCN WUMBER seeteceseeeeeeeeeeeeeeeeseeete OIMENSI ONS VPOSSCSHSSSSeeeseeeeseeeseeeeeee .occcces BOUNDARY WLMBERS evcceese 

REG. MATL INWIY MEAT LEFY-X-OR RIGHT-X-OR LOWER-Y-OR UPPER-Y-OR REAR-2 FROMY-2 LF-M RY-X LO-Y UP-Y RBR-2 FY-2 

WO. WO. TEMP GEN. INWER-R QUTER-R LEFT-YMETA RIGHY-THETA IN-R OF-R LF-O RY-0 
1 1 1 0 0.0000 0.0032 0.0000 3.1616 0.0000 0.0000 0 0 0 0 0 0 
2 2 1 1 0.0032 0.0116 0.0000 3.1616 0.0000 0.0000 0 0 0 0 0 0 
3 1 1 0 0.01914 0.0118 0.0000 3.1416 0.0000 0.0000 0 0 0 0 0 0 
4 2 1 1 0.0118 0.0168 0.0000 3.1616 0.0000 0.0000 0 0 0 0 0 0 
5 1 1 0 0.0168 0.0170 0.0000 3.1616 0.0000 0.0000 0 0 0 0 0 0 
6 3 1 0 0.0170 0.0380 0.0000 3.14616 0.0000 0.0000 0 0 0 0 0 0 
7 1 1 0 0.0180 0.0181 0.0000 3.1616 0.0000 0.0000 0 0 0 0 0 0 
8 & 1 0 0.0181 0.0186 0.0000 3.1636 0.0000 0.0000 0 1 0 0 0 0 
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PAGE 3 
seeseecees ¢ par OF MATERIAL DATA *eerecccce 


MATERIAL MATERIAL = scerscccece * THERMAL PARAMETERS --+-cerrreee 
MUMGER WAME -* TEMPERATURE-DEPENDENT FUNCTION NUMBERS -- 
COWOUCTIVITY OENSITY SPECIFIC HEAT 
1 HEVOIO 0.0000000-01 0.0000000 -01 $.1920000+03 
-6 “7 0 
2 FUEL 2. 400000001 3.$500000+03 0.0000000-01 
0 0 °4 
3 wBCUP 0 .0000000 -01 8.5700000+03 2. 700000002 
=§ 0 0 
4 $$ 0.0000000 -01 7.9500000+03 5 .0200000+02 
ae 0 0 


eevereress QUARRY OF INWITIAL TEMPERATURE DATA eeeeeecece 


MUBBE R EWITIAL POSITION-CEPENOENT FUNCTION NUMBERS 
TEMPERATURE X OR R Y OR TH 2 
1 2.000000+01 0 0 0 


eveeveseeeneoesece SUMMARY oF HEAT GENERAT 1 On RATE OATA eeececeeceeeveseesece 


MUMBER POWER TIME-, TEMPERATURE-, ANDO POSITION-DEPENOENT NUMBERS 
OENSITY TIME TEMPERATURE X OR R YOR TH 2 
1 1.000000+00 =3 0 -4 0 0 
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eeceeeeseec pMARY OCF BOUNDARY OATAt#eecerece 


seeeece GENERAL-----+ --TEMPERATURE-- Peer ec eer eeccsccccccrsscresrcc eo oHEAT TRANSFER COEFFICIENTS: <22- cc cc ccccccscccenecese 
INFORMATION RELATED FUNCTION WUMBERS 
"oO. TYPE FCT TEMPERATURE FORCED COmV. RADIATION NATURAL CONV EXPONENT FLUX 
FLAG & TIME FCT ASSOC. 
FCTS 
1 1 2 1.000000 «00 1.000000*00 0.000000 -0!1 0.000000-01 0.000000-01 0.000000 - 01 
-8 TIME 0 0 0 0 0 
TEMP t 0 0 0 0 


GROSS LATTICES AND MUMBERS OF INCREMENTS 


ROR X 
0.000000 0.003180 0.011430 0.011810 0.016760 0.016967 0.017963 0.018080 
0.018610 

2 4 1 & 1 1 1 1 
THETA OR Y 


0.000000 3.161893 
1 


LISTING OF ANALYTIC FUNCTIONS 
FCV)= ACT) © AC2)°V © ACS)PVPES © ACG)PCOS(A(S) PV) © ACG)PEXPCAC7)°V) © ACE)*SEMCACI)EV) © AC10)*LOG(A(11)*V) 


WO. ACI) A(2) A(3) A(4) A(5) A(6) A(T) A(8) A(9) A(10) A(11) 
1 0.0000-01 1.0000*00 2.7980-01 0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.0000-01 0.000D-01 
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LISTING OF TABULAR FUNCTIONS 


& .000000000+02 
5 .000000000+02 
6 .000000000+02 
7.000000000+02 
8.000000000+02 
9 .000000000+02 
1.000000000+03 
1.100000000+03 
1.200000000+03 
1.300000000+03 
1.400000000+03 
1.500000000+03 
1.600000000+03 
1.700000000 +03 
1.800000000+03 
1.900000000+03 
2.000000000+03 
2.100000000+03 
2.200000000+03 
2.31000000003 


TABLE NUMBER 


ARGUMENT 
2.000000000+01 
1.000000000+02 
2.000000000+02 
3.000000000+02 


TABLE NUMBER 


ARGUMENT 
0.000000000- 01 
1. 300000000 -02 
2.600000000 - 02 


TABLE NUMBER 


ARGUMENT 
3. 180000000 - 03 
&.000000000- 03 
6.000000000 - 03 
8000000000 - 03 
1.000000000 - 02 
1, 143000000 - 02 
1.181000000- 02 
1. 200000000 - 02 
1.400000000 - 02 
1.600000000 -02 


1. 202900000 +03 
1.263568000+03 
1.310986600+03 
1.350834200+03 
1. 38595000003 
1.417911100+03 
1.447664000 «03 
1.472007200+03 
1.495780000 +03 
1.51911380003 
1.5462102800+03 
1.562026600 +03 
1.586690000+03 
1.604687000+03 
1.626784600+03 
1.646972600+03 
1.631400000+03 
1.681569500+03 
1. 700225460003 
1. 720692600 +03 


NUMBER OF PAIRS - 


VALUE 
1.730000000+01 
1.730000000+01 
1.730000000+01 
1.900000000+01 


WUMBER OF PAIRS - 


VALUE 
1.010604600 +01 
6.467900000+10 
1.010604600+01 


WUMBER OF PAIRS - 


VALUE 
8. 100000000 - 01 
8. 200000000 - 01 
8.400000000 -01 
8.600000000-01 
9 .200000000- 01 
9800000000 - 01 
1.000000000 + 00 
1.000000000+00 
1. 100000000+00 
1. 260000000+00 
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TABLE WUMBER 1 MUMBER OF PAIRG - 25 
ARGUMENT VALUE 
1.000000000+01 8. 368000000+02 
5.000000000+01 9 . 20480000002 
1.000000000+02 9.623200000 +02 
2.000000000+02 1.046000000+03 
3.000000000+02 1. 143626600 +03 


11 





1.700000000 - 02 1, 280000000+00 
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TABLE 


QUTPUT 


aon O WF WA 


OF 


QUTPUT 


QUTPUT 


0.000000 -01 
1.300000 -02 
2.600000 - 02 
3.000000 - 02 
1.000000 -01 
$.000000-01 
1.000000+00 
2 .000000+00 


TABLE NUMBER 


ARGUMENT 
0.000000000- 01 
1.000000000-02 
2.000000000+02 
3.000000000+02 
4 .000000000+02 
1.000000000+03 


TABLE NUMBER 


ARGUMENT 
2.000000000+01 
1.000000000+02 
2.000000000+02 
3.000000000+02 
& .000000000+02 
5 .000000000+02 
6.000000000+02 
7 000000000 +02 
8 .000000000+02 
9 .000000000+02 
1.000000000+03 
1. 200000000 +03 
1.400000000+03 
1.600000000+03 
1.800000000+03 
2.000000000+03 
2.$00000000+03 
3.000000000+03 


TABLE NUMBER 


TIMES 


TIME 


ARGUMENT 
2.000000000+01 
1. 200000000 +03 
2.600000000+03 


TABLE NUMBER 


ARGUMENT 
0.000000000-01 
1.000000000+01 


QUTPUT 
wo. 


5 


OUTPUT 
TIME 
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NUMBER OF PAIRS - 


VALUE 
5. 230000000+01 
$ 44000000001 
5 .650000000+01 
5 .860000000-01 
6.070000000+01 
7.270000000+01 


WUMBER OF PAIRS - 


VALUE 
?,.200000000-02 
7. 200000000-02 
1. 1$0000000-01 
1.$10000000 -01 
1.840000000 -01 
2.180000000-01 
2.$00000000-01 
2. 780000000 - 01 
3.040000000 - 01 
3.300000000-01 
3.$40000000-01 
& 050000000 -04 
&.5$0000000-04 
5 .020000000 - 04 
5 430000000 - 04 
$.790000000-01 
6.$70000000-01 
7,450000000-01 


WUMBER OF PAIRS - 


VALUE 
3. 282800000 - 01 
1.633400000 - 01 
1.675320000-01 


WUMBER OF PAIRS - 


VALUE 
2 .000000000+01 
2.000000000+01 


OUTPUT 
WO. TIME 


oe 


18 


OUTPUT 


nO. 


TIME 


OUTPUT 


OUTPUT 





TEMPERATURES OF THE FOLLOWING WODES WILL BE MOWITORED 
EVERY 1000 ITERATIONS OR TIME STEPS. 
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NUMBER WOOE 
{ 1 
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FINE LATTICE, X OR R, Y OR THETA, ANO 2 


2 6.001590 3 0.003180 . 0.005242 5 0.007305 6 0.009347 
7 6.011430 8 0.011810 9 0.013048 10 0.014285 11 0.015523 

12 0.016760 13 0.016967 14 0.017963 15 0.018080 16 0.018610 
1 6.000000 2 3.141593 


THIS PROBLEM CONTAINS 30 WODES. 


eeowe TABLE 6 MUST BE EVALUATED FOR 2.000000000-01 
THE WALUE OF THE FUNCTION WILL BE 7.200000000-02 FOR ALL ARGUMENTS LESS THAN 2.000000000-01 


eeeoe TABLE 2 MUST BE EVALUATEO FOR 2.000000000-01 
THE VALUE OF THE FUNCTION WILL BE 1.730000000+01 FOR ALL ARGUMENTS LESS THAN 2.000000000+01 


ewewe TABLE 7 MUST BE EVALUATEO FOR 2.000000000-01 
THE VALUE OF THE FUNCTIOW WILL BE 3.282800000-01 FOR ALL ARGUMENTS LESS THAN 2.000000000+01 


- 
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13 
19 


3. 73220-02 
9.37870-02 
2.1822D -02 
2.676% -01 
9. 70830 -02 


2.28990-01 
9.70570-02 
3.15810-02 
2.68530-01 
9.71600-02 


PAGE 


2.65680 -01 
9.7072D-02 
3.24980 -02 
2.77210-01 
2.13290-02 


9 
STABILITY CRITERIOW FOR EACH WOOE 


10 
16 
22 
28 


2.6769 -01 
9.70830-02 
3.73220 -02 
9.37870-02 
2.18220-02 


THE STABILITY CRITERIOW 1S 2.13287190-02 FOR POINT 12 


THE 


IWPUT TIME 
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INCREMENT SATISFIES THE STABILITY CRITERIOM. 


11 
17 
23 


2.68530-01 
9.71400-02 
2.28990 -01 
9.70570-02 
3.15810-02 


12 


24 


2.77210-01 
2.13200-02 
2.6568 -01 
9.70720 -02 
3.26980 -02 


Pe 


9 hae 
bow weg et weenie if). 
Fede. f ae 
aay. (e..ce7 ut .¢ 
tent &: oi 0 ia 
wants & 1 Ets 
5D «4414 Ds, Sa 


yom OH  HRTTS os! clea ey 


10-9885 ,8 


$o-Ct er .2 


touted .f 
fa Ee | 


™ wart ,* 
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CURRENT TIME © 16:35:26.75 


HEATINGS ACRR HEAT OEPOSITION TRANSIENT #1 - 6400 MW pulse - 13 msec width @ half LBM PC 
MAP OF TME WODE NUMBERS 
GROSS GRIO 1 2 3 Fi 5 6 
i i I I 
FINE GRIO 1 2 3 C 5 6 ? 8 9 10 1 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 ~~ 0.02 
| Poco sees ereceeceerecccccses eeeeeeee Oe | ee eee | J-- 
1 1 0.00 oF 1 21 3 ( 5 61 71 8 9 10 iW 121 
er ee oo) Se) Pees Ce, Coo 18- e000 19-2225 20------- 2 i-seee- 221 - +++ Boece Qher cece eBGecceees 261------ 271-- 
GROSS GRID 7 8 9 ; 
! 
FINE GRID 14 15 16 
DISTANCE 0.02 0.02 0.02 
wt eeeeceeeeees [oeeeeees ! 
1 1 0.00 131 161 151 
2020 3.16 -=-281--+--- 291+ +--+ 301 
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CURRENT TIME © 14:35:25.26 


KEATINGS ACRR WHEAT OEPOSITION TRANSIENT #1 - 6400 MW pulse - 13 msec width @ half 1gm PC 
STEADY STATE TEMPERATURE DISTRIBUTION AFTER O ITERATIONS, TIME * 0.000000-01 
GROSS GRIO { 2 3 6 5 6 
I I I I I 
FIWE GRIO 1 2 3 4 5 6 ? 8 9 10 11 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
I eee ererceeecccases I ee I eee eacce I er PYuUrrrTeTrTerrrerrie TT | oe io 
1 1 0.00 0.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 
2 2 3.16 0.00--+-20.00---+20.00----20.00----20.00°---20.00°---20.00----20.00----20.00----20.00----20.00----20.00----20.00 
GROSS GRIO 7. 8 9 
I I I 
FIWE GRIO 14 1§ 16 
OISTANCE 0.02 0.02 0.02 
eeeereceecescce Jorcceeee] 
1 | 0.00 20.00 20.00 20.00 
2 2 3.16 -+-20.00----20.00----20.00 
TEMPERATURES OWN NUMBERED BOUNDARIES 
BOUNDARY NUMBER TEMPERATURE 
1 20.000000 
THE MAXIMUM TEMPERATURE I$ - 2.000000°01 (*-0.1) 
MAX. TEMP, APPEARS AT WODES - 1 2 3 4 5 
6 7? 8 9 10 
11 12 ie 14 15 
16 17 18 19 20 
21 22 25 26 25 
26 27 28 29 30 
THE MINIMUM TEMPERATURE 1S - 2.000000°01 (*-0.1) 
MIN. TEMP. APPEARS AT WODES . 1 2 3 4 bs 
6 " 8 9 10 
11 12 13 14 15 
16 ali 18 19 20 
21 22 23 26 25 
26 27 28 29 30 
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BEGIN THE STEADY STATE CALCULATIONS 
WUMBER OF EXTRAPOLATION 
ITERATIONS CONVERGENCE WODE TEMPERATURE FACTOR 
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oan eae ad Hints Connie 





CURRENT TIME = 
HEATINGS 


GROSS GRIO 


FINE GRIO 
OISTANCE 


0.00 
3.16 


GROSS GRID 


FINE GRIO 
OISTANCE 


0.00 
3.14 
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16:35:25.74 
ACRR HEAT DEPOSITION TRANSIENT #1 - 6400 Mw pulse - 13 maec width @ half TBM PC 
STEADY STATE TEMPERATURE DISTRIBUTION AFTER 2 ITERATIONS, TIME * 0.000000-01 
1 2 3 & 5 6 
] ! I I 1 ] 
1 2 3 4 $ 6 Z 8 9 10 11 12 13 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
bo 0a = eee ees === Yea re eee re tor ccccccccces | occ c ccc ccnncccccecces Pace esecns cos fseasecset == 
0.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 
0.00----20.00----20.00----20.00--°-20.00--*-20.00----20.00----20,00----20,00----20.00----20.00----20.00----20.00 
7 8 9 
1 1 l 
14 15 16 
0.02 0.02 0.02 
cose eeeesesece Joscesece I 
20.00 20.00 20.00 
*°*20.00----20.00----20.00 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 

THE MAXIMUM TEMPERATURE IS - 2.000000+01 (*°0.1) 

MAX. TEMP. APPEARS AT NODES - 1 2 ae 6 5 
6 7 9 10 
11 12 13 14 15 
16 17 18 19 20 
21 22 23 26 25 
26 27 28 29 30 

THE MINIMUM TEMPERATURE IS - 2.000000+01 (+°0.1) 

MIN, TEMP. APPEARS AT NODES - 1 2 3 a 5 
4 ? 8 9 10 
11 12 13 14 15 
16 17 18 19 20 
21 22 23 26 2s 
26 27 28 29 30 


THE STEADY STATE CALCULATIONS HAVE BEEN COMPLETED. 


WUMBER OF ITERATIONS COMPLETED = 2 
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CURRENT TIME = 14:35:26.34 
WEATINGS ACRR HEAT DEPOSITION TRANSIENT @1 - 6400 mW pulse - 13 msec width @ half IBM PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER 1 TIME STEPS, TIME = 1.000000-03 
GROSS GRID 1 2 3 4 5 6 
! I I I I I 
FIWE GRIO 1 2 3 4 5 6 7 8 9 10 11 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
| eee Ss (Oh ee Jooree oe oe Pec c cer cee reece cee cece ee eenes oes 
1 4 0.00 0.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 20.00 


2 2 3.16 


GROSS GRID 7 8 

I I 

FIWE GRID 14 1§ 
DISTANCE 0.02 0.02 


4 0.00 20.00 20.00 


20.00 


2 2 3.14 -°°20.00----20.00----20.00 


TEMPERATURES OW NUMBERED BOUNDARIES 


BOUNDARY NUMBER 


1 


THE CURRENT 


THE MAXIMUM TEMPERATURE IS - 


WAX. TEMP. APPEARS AT MODES - 


THE MINIMUM TEMPERATURE IS - 


MIN. TEMP. APPEARS AT WODES - 


TIME STEP (DELTAT) * 1.000000000-03 


2.00000001 


1 
6 
11 
16 
21 
26 


2.000000+01 


1 
16 
21 
26 


TEMPERATURE 
20.000000 


(*-0.1) 

2 3 

7 8 
12 13 
17 18 
22 23 
27 28 

(*-0.1) 

2 3 

7 8 
12 13 
17 18 
22 23 
27 28 
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10 
15 
20 
25 
30 


10 
15 
20 
25 
30 


0.00----20.00----20.00----20.00----20.00----20.00----20.00----20.00----20.00----20.00----20.00----20.00----20.00 





CURRENT TIME = 
HEAT INGS 


GROSS GRIO 


FIWE GRID 
OISTANCE 


0.00 
3.14 


GROSS GRID 


FIWE GRID 
OISTANCE 


0.00 
3.16 


THE WAXIMUM TEMPERATURE 


THE MINIMUM TEMPERATURE 


MIN. TEMP, 
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14:35: 28.16 
ACRR HEAT DEPOSITION TRANSIENT #1 - 6400 MW pulse - 13 msec width a half IBM PC 
TRANSIENT TEMPERATURE OISTRISUTION AFTER 13 TIME STEPS, TIME = 1,300000-02 
1 2 3 & 5 6 
! ! ! I | ! 
1 2 3 4 5 6 7 8 9 10 11 12 1$ 
0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
| i ll | Ce | | ee es Jeerreccee Ieee 
0.00 27.62 115.82 118.35 120.70 126.09 1%&.79) 137.31 142.99 150.65 159.87 166.53 20.15 


0.00--+°27.62--°118.82-°°118.35-- +120. 70+ +126.09--- 134. 79-- -137.31---162.99---150.45---159.87---166.53--°-20.15 


7 8 9 : 
! ! 
14 1§ 16 
0.02 0.02 0.02 
peoiseeinasre « s faces} 
20.02 20.00 20.00 


== =20.02--++20.00---+20.09 


TEMPERATURES OW WUMBERED BOUNDARIES 


BOUNDARY WUMBER TEMPERATURE 
1 20.000000 


THE CURRENT TIME STEP (OELTAT) = 1.000000000-03 


I$ - 1.665300+02 (*-0.1) 
WAX, TEMP. APPEARS AT WODES - 1 26 
1$ - 2.001620+01 (+-0.1) 
APPEARS AT WOOES - 13 14 1§ 26 29 
30 
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CURRENT TIME & 14:35:29.97 


MEATINGS 


GROSS GRID 


FINE GRID 
DISTANCE 


t 0.00 
2 3.14 


GROSS GRID 


FINE GRID 
DISTANCE 


1 1 0.00 


ACRR HEAT OEPOSITION TRANSIENT #1 - 6400 MW pulse - 13 msec width @ half 18M PC 

TRANSIENT TEMPERATURE DISTRIBUTION AFTER 26 TIME STEPS, TIME = 2.600000-02 
1 2 3 ‘ 5 6 
i I I 1 I I 
1 2 3 é 5 6 ? 8 9 10 1 12 13 


0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 


I- eeeeeece ecccsceces @eeeeeteeeeesresseaneeesree2areeatenaee I eeeee eoeofoces eee eee ee ee ee 2 ee ee coe | evece ecoefee 


0.00 71.40 217.86 222.75 227.47 238.13 254.67 260.71 271.16 285.59 303.36 315.02 21.06 
0.00-+--71.40---217.84-**222.75---227.47-- -238.13+--256.67---260.71---271.16---285.59---303.36---315.02----21.06 


7 8 9 
I I I 
14 1$ 16 


0.02 0.02 0.02 


eccccccccsce [occcccee} 
20.26 20.00 20.00 


2 2 3.16 )---20.2o->-<~cU.00-°=-20.00 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 


THE CURRENT TIME STEP (QELTAT) = 1.000000000-03 


THE MAXIMUM TEMPERATURE IS - 3.1590160+02 (*-0.1) 

WAX. TEMP. APPEARS AT NODES - 11 26 

THE MINIMUM TEMPERATURE [5 - 2.00007D+01 (+-0.1) 

MIN, TEMP. APPEARS AT WODES - 14 1§ 29 30 


seers TABLE 3 MUST BE EVALUATED FOR 2.600000000-02 
THE VALUE OF THE FUNCTION WILL BE 1.010604600+01 FOR ALL ARGUMENTS GREATER THAN 2.600000000-02 
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CURRENT TIME = 14:35;30.85 


WEATINGS ACRR HEAT DEPOSITION TRANSIENT #1 - 6400 Mu pulse - 13 msec width &@ half 18m PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER 30 TIME STEPS, TIME = 3.000000-02 
GROSS GRID 1 2 3 & 5 6 
I I I I I I 
FIWE GRIO 1 5 3 & 5 6 7 8 9 10 11 12 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
[osccccccenencccce Joceccee wee e scene ccc cencsescccescces [ose ceeee fists died es eosin Scie Weis elo selene oreefoccceces I-- 
1 0.00 0.00 87.86 217.90 222.76 227.52 238.18 254.49 261.05 271.25 285.66 303.28 314.44 21.39 
2 2 3.14 0.00--+-87,86--°217.90-*-222.76---227.52--+ 238. 18> --254.49- + + 261.05---271.25- -- 285 .66-°-303.28-- 9316 bee -9°21.39 
GROSS GRID 7 8 9 
I J I 
FINE GRIO 14 1§ 16 
DISTANCE 0.02 0.02 0.02 
PIRI ESE Ns SS a | 
i, 9 0.00 20.42 20.00 20.00 


2 2 $3.16 **920.42-°-+20.00----20.00 


TEMPERATURES OW NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 
THE CURRENT TIME STEP (DELTAT) = 1.000000000-03 


THE MAXIMUM TEMPERATURE IS - 


MAX, TEMP, APPEARS AT NODES - 


THE MINIMUM TEMPERATURE IS - 


MIN. TEMP. APPEARS AT NODES - 


3.1464390+02 (*°0.1) 
1 26 
2.000130+01 (o-0.1) 
14 1§ 29 30 
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CURRENT TIME © 16:35:39.25 


WEATINGS ACRR WEAT DEPOSITION TRANSIENT #1 - 6400 WW pulse - 13 msec width & half 18m PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER 100 TIME STEPS, TIME © 1.000000-0! 
GROSS GRID 1 2 3 4 3 6 
I I I I I 1 
FINE GRID 1 2 3 4 P) 6 7 8 9 10 1 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
1 ee oe ee ! eden ave ear he eS e oe aa eatin nen unter a eS ea cele ioe Te I ba Mth atl ! eo errr esr erseeeeseseceseececeseoe eecenee | eecesesee Jee 
1 #1 0.00 0.00 209.32 218.92 223.01 228.33 238.86 251.75 265.83 273.07 286.60 301.28 306.36 % .60 
2. 2 3.96 =. 00- = -200.32---218.92+ + -223.01---228.33---238.86---251.75+--265.83---273.07- --286.60---301. 28> --306.36---- 25.60 
GROSS GRID re 8 9 
I I I 
FIWE GRID 14 1$ 16 
DISTANCE 0.02 0.02 0.02 
ee ee | es | 
% 0.00 26.31 20.06 20.03 
2 2 3.16 --°26.31-++-20.06----20.03 
TEMPERATURES ON NUMBERED BOUNDARIES 
BOUNDARY NUMBER TEMPERATURE 
1 20.000000 
THE CURRENT TIME STEP (DELTAT) = 1.000000000-03 
THE MAXIMUM TEMPERATURE IS - 3.06387D-02 (+=051) 
MAX. TEMP. APPEARS AT NODES - 11 26 
THE MINIMUM TEMPERATURE 15 - 2.006200+01 (*-0.1) 
MIN. TEMP. APPEARS AT WODES - 14 1§ 29 30 
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CURRENT TIME = 14:36:26.38 


HEATINGS ACRR HEAT DEPOSITION TRANSIENT #1 - 6400 MW pulse - 13 msec width @ half em PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER S00 TIME STEPS, TIME = $.000000-01 
GROSS GRID 1 2 3 ‘ 5 6 
1 I 1 1 1 
FINE GRID 1 2 3 é 5 6 7 8 9 10 1 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
I weeeeececcee eeecsce I ee ee ee Seereestaeseeseseesse oe | eeeeecee 1 ee ee a a ee a ee ee ee I ecsescee [ee 


1 1 0.00 0.00 222.91 223.12 225.70 231.55 239.18 2646.06 278.61 281.25 286.11 289.16 286.51 63.00 
eo +e 3.16 0.00---222.91---223.12---225.70---231.55-+°239.18++-2464.06---278.61---281.25---286.11---289.16---286.51----45.00 


GROSS GRID 7 8 9 

I I I 

FINE GRIO 14 15 16 
DISTANCE 0.02 0.02 0.02 

ecccccccccccss Jowosccas] 


ils 0.00 63.79 21.70 21.50 
2 2 3.16 2263. 79----21,70-**-21.50 


TEMPERATURES ON NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 


THE CURRENT TIME STEP (DELTAT) * 1.000000000-03 


THE MAXIMUM TEMPERATURE IS - 2.891580+02 (o-0.1) iz 
MAX. TEMP. APPEARS AT NODES - 10 25 

THE MINIMUM TEMPERATURE IS - 2.150100+01 (e=0.1) 

MIM, TEMP, APPEARS AT MODES - 1$ 30 


TABLE FOR SPECIAL MONITORING OF TEMPERATURES 


WMMBER OF TIME SSSSSSRRSSRERRERSSERSEEREeeeseeessenae NOOE NUMBERS AND TEMPERATURES sue euesseeeeeetESSSSEETETSE STEEL SESE SERS 


TIME STEPS 
1000 1.00000+00 1 2.26803002 
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CURRENT TIME ® 16:37:25.26 
HEATINGS ACRR HEAT DEPOSITION TRANSIENT 81 - 6400 Mw pulse - 13 msec width @ half iam PC 
TRANSIENT TEMPERATURE DISTRIBUTION AFTER 1000 TIME STEPS, TIME = 1.000000+00 
GROSS GRID 1 2 3 é 5 é 
! H | I I 1 
FINE GRID 1 2 3 i 5 6 ? 8 9 10 1 12 13 
DISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
| Jerccercccccccce Cweerereeseneeeecace [ewccewce Jere rer ccc crc ccc ce sce r vce ccceccsese | Iee 
1 1 0.00 0.00 226.80 226.96 228.96 233.37 238.15 260.93 281.96 282.68 282.85 281.36 277.2 64.04 
2 2 3.16 0.00-++226.80---226.96---228.96---233.37-+-238.18-°°260.93---281.96---282.6B--- 282 .85---281.36°°° 277. 26° °° - be. Oh 
GROSS GRIO ? 8 9 ° 
I I I 
FINE GRID 16 15 16 
DISTANCE 0.02 0.02 0.02 
@eveeneeevaaeee | 
1 1 0.00 62.87 25.95 25.59 
2 e 3.16 ©°°62.87--°°25.95----25.59 


TEMPERATURES OW NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 
THE CURRENT TIME STEP (DELTAT) » 1.000000000-03 
THE MAXIMUM TEMPERATURE IS - 2.828540+02 (*°0.1) 
MAX. TEMP. APPEARS AT NODES - 9 26 
THE MINIMUM TEMPERATURE IS - 2.559260¢01 (*-0.1) 
MIM. TEMP. APPEARS AT NODES - 1§ 30 
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CURRENT TIME © 16:39:22.63 


HEATINGS 


GROSS GRID 


FIWE GRIO 
OISTANCE 


1 1 0.00 
cae 3.14 


GROSS GRID 


FIWE GRID 
OISTANCE 


1 #1 0.00 


ACRR WEAT DEPOSITION TRANSIENT 81 - 6400 MW pulse - 13 msec width 2 half 16M PC 

TRANSIENT TEMPERATURE DISTRIBUTION AFTER 2000 TIME STEPS, TIME © 2.000000-00 
1 2 3 é 5 6 
1 1 1 1 1 1 
1 2 3 & 5 6 7 8 9 10 11 12 13 


0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 
{ess PE eoccfeccccccccceccceces eee ccccccccccccce Jocccence [ee sniewe cules ensue ccues acess as seccafectecces§s= 
0.00 231.76 231.82 232.81 236.96 237.26 238.93 277.87 277.82 276.33 273.66 269.29 «= «92. 32 
0.00---231.76---231.82---232.81- == 236.96---237.26---238.93-+- 277. 87+ --277.82---276.33---273.4b---269.29---- 92.32 


7 8 9 

1 1 J 

14 1§ 16 
0.02 0.02 0.02 

ee ee | Jere cecee I 
91.20 38.06 37.49 


2 2 3.16 -+-91.20-+++38.06----37.49 


TEMPERATURES ON WUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 


THE CURRENT TIME STEP (OELTAT) © 1.000000000-03 


THE MAXIMUM TEMPERATURE IS - 2.778646002 (*°0.1) 

MAX. TEMP. APPEARS AT WOOES - 7 8 22 23 
THE MINIMUM TEMPERATURE 1S - 3.769690+01 (*-0.1) 

Miw. TEMP. APPEARS AT WOOES - 1§ 30 


THE TRAWSIEWT CALCULATIONS WAVE BEEW COMPLETED. 


FIWAL TIME IS 


2.000000+00 


MUMBER OF TIME STEPS COMPLETED = 2000 
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BEGIN TME STEADY STATE CALCULATIONS 


WABER OF 
ITERATIONS 


3 


So 


S888 SARa FLEES 


123 
128 
133 
138 


143 
148 
153 
158 


163 
168 
173 
178 


18 
188 
193 
198 


213 
218 


223 


CONVERGENCE 


1.21343E-01 
5. 439P0E -02 
-3.39722E -02 
-3 .60894E-02 
-3.43453E-02 
-2.66583E -02 
-2.12732E-02 
-1. P972SE -02 


-1,.44393€-02 
- 1.0884 7E-02 
-9.60156E-03 
°9 .60269€ -03 


-7. 52996E -03 
°6. 18464E-03 
-5.81209€-03 
°$.71397E-03 


°4 .69476E-03 
-4.06617E-03 
-3.92726E-03 
-3.87175E-03 


-3.22790E -03 
-2.89272E -03 
-2.83520€ -03 
-2.80210€-03 


-3.28635E-03 
-2.51468E -03 
-2.03941E-03 
°1.73914E -03 


-1.20542€-03 
-1.18613E -03 
-1.16618€ -03 
-1.14394E-03 


-1.94107E-03 
-1. 75593€-03 
- 1.605 00€ -03 
°1.47100€-03 


°8.93310€ -04 
-8.S8797E-04 
-8. 152088 -04 
7. 69896E - 04 


°1.26030€-03 
9. SOBI0E - 04 
-8.7O1146E-04 
-7. F9608E - 04 


-6.12519€ -06 


WOOE 


30 
29 
22 
18 
16 

1 

7 
22 


16 
16 


—= WA — — A — — 


—_ x= «db aot 


14 
14 
14 
14 


25 
22 
22 
22 


16 
16 
16 


_“Nn~w @ O 


14 
16 
16 


TEMPERATURE 


4 .96150€+01 
7. 25892E +01 
1. 75415E+02 
2.11762E°02 
1.85117E*02 
1.63140€+02 
1.18485E+02 
1.05925E*02 
BETA REDUCED TO 
1.23010E +02 
1.16987E +02 
1. 10965E*02 
1.05867E*02 
BETA REOUCEO TO 
1.02173E*02 
9.92093E +01 
9.60107E+01 
9.36050E+01 
BETA REOUCED TO 
9. 12889601 
8.95008E +01 
8.75270E+01 
8.60507E+01 
BETA REQUCEO TO 
8.45943E +01 
8.33970E+01 
8.22159£+01 
8.10649€ +01 
EXTRAPOLAT 1 OW 
3.19117E+01 
3.146681E€ +01 
3.11218€ +01 
3.0835 1€+01 
EXTRAPOLATION 
3.469636 +01 
3.46467E+01 
3.446438E +01 
3.42657E+01 
EXTRAPOLATION 
2.96212E +01 
2.93512E +01 
2.91077E +01 
2.88867E +01 
EXTRAPOLATION 
2.63350 +01 
2.62635E +01 
2.61509€ +01 
2.60480E+01 
EXTRAPOLATION 
2. 34892E +01 
2.57176E*01 
2.56016€ +01 
2.54960E +01 
EXTRAPOLATION 
2.41553E+01 
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EXTRAPOLATION 
FACTOR 


-§ .62747E+00 
3. 96383E +00 
-2.41683E +02 
-7.47103E+01 
$.43462E +01 
1,.16671E «01 
1.6868 7E+01 
2.42766E +01 
1.800 
1. 79680E +01 
4.93540E+00 
6.91876€ +00 
-1,.83456€ +02 
1.700 
3.47737E+01 
1. 29906E +01 
2.45571E201 
1.4410SE +02 
1.600 
4. 26804E+01 
3.70082E+01 
7. 03866€ +01 
1.46181E +02 
1.500 
6.55756E+01 
1.42101E +02 
1.50125E+02 
1. 91684E+02 


1, 83604E+01 
1.8835 1€+01 
2.47854E+01 
3.25096E+01 


3.22742E +00 
2.07081E +02 
2.03951E +02 
1.94632E +02 


-2.38419€ +00 
6.21791E+01 
5.0927 1&+01 
5 .33581E+01 
1.83098E +00 
9. 93293E +01 
8. 48403E +01 
7 FO169E+01 


-2.45588E+00 
&.56206E +01 
5.38411E+01 
$.7420SE+01 


&.40412E +00 


174 





228 -$ . BA991E-04 8 2.40834E+01 9.05399E+01 


175 





233 
238 


263 
268 
253 
258 


263 


273 
278 


283 
288 
293 


303 


313 
318 


323 
328 
333 
338 


%3 


353 
358 


373 
378 


393 
398 


603 


413 
418 


623 
628 
633 
438 


443 


653 
658 


“5. S3289€ - 04 
-§ .21603€ -04 


-7.SS059€ -04 
°6.G2664E - 04 
°§ .87723€ - 04 
-§.40725E - 04 


-&. 19385E -04 
-3. FR3SS4E - 04 
-3. TS862E - 04 
-3.S3773E-04 


-&. 7ES11E-06 
°4  S6IGLE - 04 
-3 . PROSE -04 
-3.67539€ - 04 


-2.87226€ - 04 
- 2. 71793E - 04 
-2.55862E -04 
°2.40570E -04 


°3..26904E- 06 
- 2.960 70E - 04 
°2.71078€ -04 
° 2.469656 - 04 


“1. 96793E -04 
-1.85650E -04 
° 1.764296 - 04 
°1.63842E - 06 


*2.20511E -06 
2. 00928E - 04 
- 1, 84023€ - 04 
1. 69495E - 04 


- 1, 34876€ - 04 
*1. 26910€ - 06 
°1.19035E-04 
° 1,11 706E- 04 


- 1. 69638E - 04 
° 1. 36346E - 04 
°1. 26883E -04 
°1.15049€ - 06 


9. 26706E - 05 
-8.68078E -05 
-8. 12954E -05 
7. 62234E- 05 


°1.01565€-04 
°9 252378 -05 
°8. &7641E-05 
-7.80937E-05 


-6.34346€ -05 


_ NN @ 


16 
16 
16 


“uN ON CO 


_N NN OO 


16 


“uN ON @ 


16 
16 


-—_ at 


NNN ON 


16 
16 


7 


2.40258E+01 
2.39617E 01 
EXTRAPOLATION 
2. 23195E +01 
2.3 7508E+01 
2.36 785E +01 
2.36170E +01 
EXTRAPOLAT 10M 
2.27564E 001 
2.27169€ +01 
2.26732E +01 
2.26322 +01 
EXTRAPOLATION 
2.254638E +01 
2. 26928E +01 
2. 246464E +01 
2.26067E+01 
EXTRAPOLATION 
2. 18463E+01 
2.18 186E+01 
2. 17898E +01 
2.17629€ +01 
EXTRAPOLAT | OW 
2.17038E +01 
2.16705E+01 
2.164 20E +01 
2. 16161E+01 
EXTRAPOLAT 1 ON 
2.1261SE+01 
2.12262E+01 
2.12053E +01 
2.11876E+01 
EXTRAPOLATION 
2.11680E +01 
2.11259€+01 
2.11070E +01 
2. 10886E +01 
EXTRAPOLATION 
2. 08393E +01 
2 .08277E+01 
2.08150E+01 
2.08031E+01 
EXTRAPOLATION 
2.07768E*01 
2.07621E+01 
2.07696E +01 
2.07371E+01 
EXTRAPOLATION 
2.05705E +01 
2.05616E +01 
2.05528 +01 
2.054648E +01 
EXTRAPOLATION 
2.05272E°01 
2.05176E +01 
2. 05089€ +01 
2 .05006E +01 
EXTRAPOLATION 
2. 0387VE +0! 


n wm Ww 
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8.19855E*01 
7.95716€ +01 


93 107E +00 
-21359€ +01 
4983 1E +01 
- POSSE +01 


e 
mw Ww AD 


. TOBS4E +00 
-63179€901 
-06556E +01 
-96942E +01 


“ O OF & 


-38873E+00 
- 28588£ +01 
-S7761E+01 
O3816E+01 


own WU 


-92564E +00 
-63490E +01 
-9O0756E +01 
-95052E*01 


NN @ & 


. SP908E +00 
.33055E+01 
- 72086E +01 
.O8443E +01 


- 18958E +00 
.10513E+01 
.77S61E+01 
.90863E +01 


uN OW 


-42394E +00 
.36107E+01 
- 76384E +01 
 12961E +01 


s 
Ow wm wt 


505 74E +00 
-83218E +01 
-64903E +01 
.85308E +01 


NNN WW 


-3.45958E +00 
5. 38443E+01 
- 76933E+01 
6.17303E°01 


wa 


5 .87737E +00 
7.S9897E +01 
7. S2690E+01 
7. TO99TE +O 


-3.S0341E +00 
5 .460626E°01 
5. 79607E+0!1 
6.21552E +01 


6.32316E+00 


176 





468 -$.96082E -05 7 2.03817E+01 7. 39559€0! 


177 





Mogt inde 4 


~wihwe.* 


473 
478 


493 
496 


503 
508 
515 
518 


$23 
528 
535 
538 


$43 
548 
Sos 
558 


$73 
578 


583 
588 
593 
598 
603 
613 
618 


628 


633 


643 


653 
658 


-§ .55570€*05 
°$.20672€-05 


-6.89169E-05 
-6.27982E -05 
-5. TS209€ -05 
-$.30179E-05 


-4.35288-05 
°4.06758E-05 
-3. PPB90E - 05 
-3.SS605E -05 


-4.67831E-05 
-4. 26339 -05 
-3. PO623E -05 
-3.60055E -05 


-2. 9875 9E -05 
-2.7B621E-05 
°2.59898E -05 
-2.43095E -05 


+3.17664E -05 
-2.89531E-05 
-2.65357€-05 
°2.44690E -05 


-2.06648E -05 
- 1.903 7BE -05 
-1.77637€-05 
-1.65895E-05 


“2.157198 -05 
- 1. 9664 9E -05 
- 1. 80289€ -05 
-1.66315€-05 


-1.40312E-05 
+1. 30638E - 05 
*1.2164646E-05 
“1, 13466€ -05 


-1.46533€ -05 
- 1. 33606E - 05 
-1.22532E-05 
°1.13081E -05 


-9.63158E-06 


7 


16 
16 
16 


N NNN 


16 


16 
16 


“NON ON 


NNN ON 


16 
16 
16 
16 


NNN ON 


16 
16 


16 


7 


2.0375 8E+01 
2.03704E+01 
EXTRAPOLATION 
2.03587E+01 
2.03521E +01 
2 .03460€ +01 
2.034086 +01 
EXTRAPOLATION 
2.02642E+01 
2.02600E+01 
2.02560€ +01 
2.02523E +01 
EXTRAPOLATION 
2.02446E°01 
2.02401E+01 
2.02360E+01 
2.02322E+01 
EXTRAPOLATION 
2.01803E +01 
2.01776E+01 
2.01767E 01 
2.01722E +01 
EXTRAPOLATION 
2.01670E+01 
2.01640E+01 
2.01612E+01 
2.01587E+01 
EXTRAPOLATION 
2.01232E+01 
2.01213€+01 
2.01196E +01 
2.01177E+01 
EXTRAPOLATION 
2.011463 001 
2.01122€+01 
2.01104E+01 
2.01086€ +01 
EXTRAPOLATION 
2.00844E +01 
2.00830E+01 
2.008 18E +01 
2. 00806E +01 
EXTRAPOLATION 
2.00784E+01 
2.00770E +01 
2.0075 7E+01 
2.00745E+01 
EXTRAPOLATION 
2.005 79€-01 
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7. 41S23E+01 
7. 72307E+01 


-3.55374€+00 
$.42267€+01 
5. 77B22E+01 
6.25719€+01 


6.83795E+00 
7.21S67E+01 
7. 30704E+01 
7. 65466E +01 


-3.60954E +00 
5. 64008E +01 
$.80771E +01 
6. 264687E+01 


-43547E +00 
-0S<80E +01 
.20673E+01 
-58605E +01 


N NNN 


-67026E +00 
-45765E +01 
-83651E +01 
.30396E 01 


oO ww Ww 


7.88578E +00 
6.96177E +01 
7.1666SE*01 
7.58426E +01 


.71765€ +00 
.47553€+01 
-86498E +01 
-34219€+01 


oOo ww UW 


.59385E*00 
-81307€+01 
.OS772E+01 
-49097E +01 


“~~ N OO @ 


-3. 784436 +00 
S .49396E+01 
5.8934 7€ +01 
6. 38006E +01 


9.41997E +00 
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CURRENT TIME © 16:40:16.40 


WEATINGS ACRR WEAT DEPOSITIOm TRANSIENT #1 - 6400 MW pulse - 13 msec width 2 half 
STEADY STATE TEMPERATURE DISTRIBUTION AFTER 663 ITERATIONS, TIME = 2,00000D+00 

GROSS GRIO 1 2 3 r 

i I I i 

FinE GRi0 1 2 3 4 5 6 7 8 13 
OISTANCE 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.02 
| | i ci | | Ce eee ee ee | | Jee 
| | 0.00 0.00 20.06 20.06 20.06 20.06 20.06 20.06 20.06 20.04 


222 3.96 0, 00+ + ++ 20.06----20.06---+20.06----20.06+---20.06+"-=20.06----20.06----20.06-+-+20,06+===20.06-===20.06-+--20.06 


GROSS GRID 7 8 9 

i I I 

FINE GRID 14 1§ 16 
OISTANCE 0.02 0.02 0.02 

eeoeeeeeecrceccece i Ce | 


1 #1 0.00 20.04 20.04 20.04 
2 2 3.16 +**20.04-*--20.04----20.04 


TEMPERATURES OW NUMBERED BOUNDARIES 


BOUNDARY NUMBER TEMPERATURE 
1 20.000000 

THE MAXIMUM TEMPERATURE 1S - 2.00591D+01 (*-0.1) 

MAX, TEMP. APPEARS AT NODES - 1 2 3 6 
6 7 8 
11 12 13 14 
16 17 18 19 
21 22 23 26 
26 27 28 29 

THE MINIMUM TEMPERATURE 1S - 2.005910°01 (+-0.1) 

MIN. TEMP. APPEARS AT NODES - 1 2 3 4 
6 7 8 
11 12 13 14 
16 17 18 19 
21 22 23 24 
26 27 28 29 


TWE STEADY STATE CALCULATIONS HAVE BEEN COMPLETED. 

MUMBER OF ITERATIONS COMPLETED © 663 
p00 090650000 000006000400 59 005000000500 00 0000008066866) 058 006005500 6s blest tbe tee: 
YOU ARE SUPPOSED TO PUT A BLANK CARO BETWEEN JOBS. 


{ MAVE WOT FOUND IT. 1 SHALL GO AHEAD ANO WRITE THE 
CARD 1 MAVE JUST READ AS THE JOB DESCRIPTION FOR THE NEXT JOB. 
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Appendia C 


Matlab Sample Data File - no noise case 


Matlab Sample Input File - no noise case 


Matlab Sample Output Plots - no noise case 


Matlab Sample Data File - two percent noise case 


Matlab Sample Input File - two percent noise case 


Matlab Sample Output Plots - two percent noise case 


Matlab Sample Output Plot Generation File 
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F 
~ 
a") 


18] 
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19] 


193 


195 


ho 
© 
bo 





a0=9_ 82 18e-: 
al=-+.0822e-7: 
a2=1.1773e-10; 
bO=1.113e-1; 
b1=1.5402e-4: 
b2=-4.0805e-8; 
c0=78.381; 
€1=0.3393; 
c2=-8.918le-S: 
d0=4189.8- 
d1l=-0.61063: 
d2=0.00888 1 1. 
g0=1002.9. 
g1=-0.1599; 
22=-0.0028345; 
m2=-0.0151; 
m1=2.9305; 
m0=-49.79. 
A=14.0; 
df=3550: 
V£=0.09866089: 
dt=0.05; 
t=6.3e-7. 
Vm=0.045434752. 
cpm=4182: 
Tm=20.0: 
Tma(1)=20.0; 
Tpool=20.0: 
Tfint=25:; 
Pint=3e3: 
Tfr=T fint: 
Tfm=Tfint: 
Tfr1(1.1)=Tfm: 
P=Pint: 
reactfbint=0.0: 
for i=1:3000 
Tfrl(1,1+1)=Tfr-A*dt*(00* Tfr+b 1 *Tfr*2+b2* Tfr’*3)/(df* Vf)... 
+A*dt* Tm* (00+b1 * Tfr+b2* Tfr’*2)/(df* Vf)... 
+(1-t)*dt*P*(a0+al * Tfr+a2* Tfr*2)/(df* Vf): 
heatin=dt*((A*(cO+c1*Tfrt+c2*Tfr*2)*(Tfr-Tm))+(t*P))/... 
((g0+g 1*Tm+g2*Tm‘%2)*(d0+d1*Tm+d2*Tm‘2)* Vm): 
heatout=dt*(m0+m 1 *Tm+m2*Tm‘“2)*2*(Tm-Tpool)/((g0+g1*Tm+g2*Tm‘2)* Vm). 
Tma(i+1)=heatin-heatout+Tm: 
Tm=T ma(i+1); 
Tfr=Tfr1(1,i+1); 
if 1<100 
P=P+3.997ed4; 
else 
P=4e6; 
end 
end 
for i=1:3000 
reactfb( 1 .1)=(Tfr1(1.1)-Tfint)* (-3.85-(730/(273.15+Tfr1(1.1))))* le-5/0.0073: 
end 


18] 





a0=0.0; 

al=-+4.0822: 

a2=1.1773e-10:; 

b0=0.0: 

b1=0.0; 

b2=-4.080Se-8: 

c0=78.381: 

¢1=0.3393, 

c2=-8.918 le-5: 

do=4 189.8: 

di=-0.61063: 

d2=0.00888 11; 

g0=1002.9: 

g1=-0.1599; 

g2=-0.0028345: 

m0=-49.79. 

m1=2.9305: 

m2=-0.0151: 

A=14.0; 

df=3550: 

V£=0.09866089; 

dt=0.05: 

t=6.3e-7: 

dm=998.20323: 

Vm=0.045434752- 

cpm=4182: 

Tm=20.0; 

Tm1(1)=Tm: 

Tpool=20.0: 

Tfint=25. 

Pint=3e3; 

reactfbm(1)=0.0: 

Tfm=Tfint: 

P=Pint: 

P1(1)=Pint: 

datam=[Tfm b0 b1 a0]: 
F1=1-A*dt*(60* le-1+2*b1 * le-4*Tfm+3 *b2 * Tfm“2)/(df* VP)... 
+A*dt*Tm*(b1* le-4+2*b2* Tfm)/(df* Vf)+dt*(1-t)*P*(al * le-7+2*a2 *Tfm)/(df* Vf): 
F2=A*dt* le-1 *(Tm-Tfm)/(df* Vf). 
F3=A* dt* le-4*(Tm*Tfm-Tfm’2)/(df* Vf): 
F4=(1-t)*P*dt* le-4/(df* Vf); 
F=[F1 F2 F3 F4;0 100,00 10;000 1}: 
E=inv(F'*F); 

jr0.0; 

sumi=0.0; 

bOsum=0.0; 

b0ave(1)=0.0; 

blsum=0.0; 

blave(1)=0.0: 

a0sum=0.0: 

aQave(1)=0.0; 

for i=1:3000 

X=[Tfm b0 b1 a0]': 
h=(-3.85+730*Tfm/(273.15+Tfm)*2-730/(273.15+Tfm)-730*Tfint/(273.15+Tfm)*2... 
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)* le-5/.0073. 

H=[h 00 0)’: 

O=H'tE*H+le-15: 

L=E*H*inv(O). 

Y=reactfb( 1,1); 

xhat=X+L*(Y-(Tfm-Tfint)*(-3.85-(730/(273.15+Tfm)))* le-5/.0073).: 

datam=(datam:xhat'’}: 

Tfm=xhat(1.1): 

reactfom(i+1)=(Tfm-Tfint)*(-3.85-(730/(273.15+Tfm)))* le-5/.0073; 

Tm1(i+1)=Tm; 

b0=xhat(2. 1): 

bl=xhat(3,1): 

a0=xhat(4.1): 

bOsum=b0*i+bOsum; 

blsum=b1 *i+bl sum; 

a0sum=a0*i+a0sum: 

sumi=i+sumi: 

bOave(it+1)=b0sum/sumi: 

blave(i+1)=b1sum/sumi; 

aQave(i+1)=a0sum/sumi: 

ie a 

Tfm 1=Tfm-A* dt*(b0* le-1* Tfm+bl * le-4*T fm*2+b2*Tfm‘3)/(df* Vf)... 
+A*dt*Tm*(b0* le-1+b1* le-+*Tfm+b2*Tfm’2)/(df* Vf)... 
+(1-t)*dt*P1(1)*(a0* le-4+al * le-7* Tfm+a2*Tfm%2)/(df* Vf): 

Tmceal=Tm+dt*(A*(cO+c1*Tfm+c2*Tfm%2)*(Tfm-Tm)+P1(i)*t-... 

(m0+m1*Tm+m2*Tm“%2)*(d0+d1*Tm+d2*Tm‘“*2)*2*(Tm-Tpool))/... 

((g0+g1*Tm+g2*Tm%2)*(d0+d1*Tm+d2*Tm‘%2)*Vm),; 

F1=1-A*dt*(b0* le-1+2*b1 * le-4*Tfm+3*b2*Tfm*2)/(df* Vf)... 

+A*dt*Tm*(o1* le-4+2*b2*Tfm)/(df* Vf)+dt*(1-t)*P1(1)*(al* le-7+2*a2* Tfm)/(df* Vf): 

F2=A*dt* le-1*(Tm-Tfm)/(df* Vf): 

F3=A*dt* le-4*(1 m*Tfm-Tfm%2)/(df* Vf): 

F4=(1-t)*P1(i)*dt* le-4/(df* Vf). 

F=[F1 F2 F3 F4:0 100;00 10:000 1}: 

if j==3001 

E1l=inv(F'*F); 

j>: 

else 

Ea=E-E*H*(inv(H'*E*H+le-15))*H'*E: 

E1=F*Ea*F’. 

end 

E=E1; 

Tm=Tmcal: 

Tfm=Tfm!; 

if 1<100 

P=P+3.997e4, 

P1(1+i)=P; 

else 

P=4e6; 

P1(1+i}=P; 

end 

end 
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Estimated Model Parameters 
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a0=9.8218e-4: 
al=-4.0822e-7; 
a2=1.1773e-10; 
b0=1.113e-1. 
bl=1.5402e-+4: 
b2=-4.0805e-8; 
cO=78.381: 
¢1=0.3393. 
c2=-8.9181e-5: 
d0=4189.8. 
d1l=-0.61063: 
d2=0.0088811: 
g0=1002.9: 
g1=—0.1599.: 
g2=-0.0028345; 
m2=-0.0151; 
m1=2.930S: 
m0=-49.79: 
A=14.0; 

df=3 550: 
Vf=0.09866089: 
dt=0.05: 
t=6.3e-7: 
dm=998 .20323. 
Vm=0.045434752. 
cpm=4182; 
Tm=20.0; 
Tma(1)=20.0: 
Tpool=20.0; 
Tfint=25: 
Pint=3e3. 
Tfr=Tfint: 
Tfm=Tfint: 
Tfr1(1,1)=Tfm: 
P=Pint; 
reactfbint=0.0: 
for 1=1:3000 


Tfrl (1.i+1)=Tfr-A*dt*(b0* Tfr+bl *Tfr*2+b2*T£r*3 )/(df* VP)... 


+A*dt*Tm*(b0+b1*Tfr+b2*Tir2)/(df* VP)... 
+(1-t)*dt*P*(a0+al *Tfrt+a2*Tfr’2)/(df* VD: 


heatin=dt*((A*(cO+c1l *Tfr+c2*Tfr*2)*(Tfr-Tm))+(t*P))/... 
((g0+g1*Tm+g2*Tm‘%2)*(d0+d1*Tm+d2*Tm“%2)* Vm): 
heatout=dt*(m0+m 1 *Tm+m2*Tm‘%2)*2*(Tm-Tpool)/((g0+g1*Tm+g2*Tm%2)* Vm): 


Tma(it+ 1)=heatin-heatout+Tm; 
Tm=Tma(i+1); 
Tfr=Tfr1(1.1+1); 

if 1<100 

P=P+3.997e4; 

else 

P=4e6; 

end 

end 

for 1=1:3000 


reactfb( 1.1)=(Tfr1(1.1)-Tfint)*(-3.85-(730/(273.15+Tfr1(1,1))))* le-5/0.0073: 


19] 





end 
for :=1:3000 

reactfb( 1 ,i)=reactfb( 1 .1)+0.02 *reactfb(1.1)*(1-2* rand): 
end 
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a0=0, 
al=-t.0822. 
a2=1.1773e-10:. 
b0=0; 

b1=0; 
b2=-~4.0805e-8; 
c0=78.381. 
¢1=0.3393. 
c2=-8.918le-5: 
do=4189.8; 
d1=-0.61063; 
d2=0.0088811. 
g0=1002.9: 
g1=-0.1599; 
g2=—0.0028345; 
m0=-49.79. 
m1=2.930S: 
m2=-0.0151: 
A=14.0: 
df=3550: 
Vf=0.09866089. 
dt=0.05; 
t=6.3e-7: 
dm=998.20323: 


Vm=0.045434752: 


cpm=4182: 
Tm=20.0. 
Tm1(1)=Tm; 
Tpool=20.0: 
Tfint=25-: 
Pint=3e3: 
reactfbm(1)=0.0: 
Tfm=Tfint; 
P=Pint: 
P1(1)=Pint: 


datam=[Tfm b0 b1 a0]; 


Fl=1]-A*dt*(b0* le-1+2*b] *le-4*Tfm+3*b2*Tfim’2)/(df* Vf)... 
+A*dt*Tm*(b1 * le-4+2*b2*Tfm)/(df* Vf)+dt* (1 -t)*P*(al * le-7+2*%a2*Tfm)/(df* Vf): 


F2=A*dt* le-1 *(Tm-Tfm)/(df* Vf): 
F3=A*dt* le-4*(Tm*Tfm-Tfm‘’2)/(df* Vf); 
F4=(1-t)*P*dt* 1e-4/(df* Vf); 

F=[F1 F2 F3 F4;0 100,00 10,000 1}: 


E=inv(F'*F); 
j=0.0; 
sumi=0.0; 
b0sum=0.0; 
bO0ave(1)=0.0; 
blsum=0.0: 
blave(1)=0.0; 
a0sum=0.0; 
aQave(1)=0.0: 
for i=1:3000 


X=[Tfm b0 bl a0}’: 


h=(-3.85+730*Tfm/(273.15+Tfm)*2-730/(273.15+Tfm)-730*Tfint/(273.15+Tfm)*2... 


3. 





)* le-5/.0073. 

H=[h 0 0 OJ": 

O=H'*E*H+le-7, 

L=E*H*inv(O): 

Y=reactfb( 1.1); 

xhat=X+L*(Y4Tfm-Tfint)*(-3.85-(730/(273.15+Tfm)))* le-5/.0073),. 

datam=([datam:xhat’}: 

Tfm=xhat(1.1): 

reactfom(i+1)=(Tfm-Tfint) *(-3.85-(730/(273.15+Tfm)))* le-5/.0073: 

Tm1(i+1)=Tm; 

b0=xhat(2.1): 

b]l=xhat(3,1): 

a0=xhat(4.1): 

bO0sum=b0*1+b0sum: 

blsum=b1*1+b1 sum: 

a0sum=a0*1+a0sum. 

sumi=i+sumi: ; 

bOave(i+1)=b0sum/sumi: 

blave(i+1)=blsum/sumi; 

a0ave(i+ 1 )=a0sum/sumi: 

iol 

Tfm 1=Tfm-A*dt*(60* le-1* Tfm+bl * le-4* Tfm“2+b2*Tfm‘3)/(df* Vf)... 
+A*dt*Tm*(b0* le-1+b1* le-4+* Tim+b2*Tfm’2)/(df* Vf)... 
+(1-t)*dt*P1(1)*(a0* le-4++a1* le-7* Tfim+a2* Tfm”2)/(df* Vf): 

Tmceal=Tm+dt*(A*(c0+¢c1*Tfm+c2*Tfim*2)*(1 fm-Tm)+P1(1)*t-... 

(m0+m 1*Tm+m2*Tm‘2)*(d0+d1*Tm+d2*Tm‘2)*2*(Tm-Tpool))/... 

((g0+g1*Tm+g2*Tm‘%2)*(d0+d1 *Tm+d2*Tm‘’2)*Vm); 

F1=]-A*dt*(60* le-1+2*b1 * le-+*Tfm+3*b2*Tfm’2)/(df* VP)... 

+A*dt*Tm*(b1* le-4+2*b2* Tfim)/(df* Vf)+dt*(1-t)*P1 ee * 1e-7+2*a2*Tfm)/(df* Vf): 

F2=A*dt* le-1*(Im-Tfm)/(df* Vf): 

F3=A*dt* le-4*(1m*Tfm-Tfm%2)/(df* Vf): 

F4=(1-t)*P1(1)*dt* le-4/(df* Vf): 

F=[F1 F2 F3 F4:0 100;00 10.000 1]: 

if j==3001 

El=inv(F'*F); 

j-0: 

else 

Ea=E-E*H*(inv(H'*E*H+ le-7))*H'*E: 

E1=F*Ea*F’. 

end 

E=E1,; 

Tm=T mcal; : 

Tfm=T fm1; 

if i<100 

P=P+3.997e4. 

P1(1+i)=P+.02*P*(1-2*rand); 

else 

P=4e6. 

P1(1+i1)=P+.02*P*(1-2*rand): 

end 

end 
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t2=1:1:3000: 

plot(t2/20.datam(t2.2).t2/20 datam(t2.3).t2/20.datam(t2.4)) 
title("Estumated Model Parameters’) 

viabel(‘'a0 bO bl’) 

xlabel(‘Time (seconds)') 

print(‘oe’) 

plot(t2/20,b0ave(t2).t2/20 blave(t2).t2/20 a0ave(t2)) 
title? Average Model Parameters’) 

ylabel('a0 bO bl’) 

xlabel(‘Time (seconds)') 

print(‘oe’) 

plot(t2/20.Tfr1(1,t2),t2/20,datam(t2.1)) 

title(Fuel Temperature - Model and Actual’) 
ylabel('Ave Fuel Temperature’) 

xlabel("Time (seconds)’) 

print(‘oe’) 

plot(t2/20,P1(t2)) 

title("Reactor Power') 

ylabel('Power - watts’) 

xlabel("Time (seconds)’) 2 
print(‘oe’) 
plot(t2/20.reactfb(1.t2).t2/20.reactfom(t2)) 
title(Feedback Reactivity - Model and Actual’) 
ylabel(‘Reactivity (Beta)') 

xlabel("Time (seconds)’) 

print(‘oe’) 

plot(t2/20,reactfbm(t2)) 

title("Feedback Reactivity - Model’) 
ylabel(‘Reactivity (Beta)’) 

xlabel('Time (seconds)’) 

print(‘oe') 

plot(t2/20.Tma(t2),t2/20.Tm1(t2)) 
title(‘“Moderator Temperature - Model and Actual’) 
ylabel('Ave Mod Temp’) 

xlabel("Time (seconds)’) 

print(‘oe’) 
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t2=1:1:3000, 
plot(t2/20.datam(t2.2).t2/20.datam(t2.3).t2/20.datam(t2.4)) 
title(‘Estimated Model Parameters’) 

ylabel('a0 bO bl’) 

xlabel('Time (seconds)’) 

pause 
plot(t2/20,b0ave(t2).t2/20.blave(t2).t2/20,a0ave(t2)) 
title Average Model Parameters’) 

ylabel('a0 bO bl’) 

xlabel("Time (seconds)’) 

pause 

plot(t2/20,Tfrl(1,t2),t2/20,datam(t2,1)) 
title("Fuel Temperature - Model and Actual’) 
ylabel('Ave Fuel Temperature’) 

xlabel('Time (seconds)’) 

pause 

plot(t2/20,P1(t2)) 

title("Reactor Power') 

ylabel(‘Power - watts’) 

xlabel('Time (seconds)’) 

pause 

plot(t2/20.reactfd( 1 .t2),t2/20.reactfom(t2)) 
title(Feedback Reactivity - Model and Actual’) 
vlabel(‘Reactivity (Beta)’) 

xlabel(‘'Time (seconds)’) 

pause 

plot(t2/20,reactfom(t2)) 

title(Feedback Reactivity - Model’) 
ylabel('Reactivity (Beta)’) 

xlabel(Time (seconds)’) 

pause 

plot(t2/20, Tma(t2).t2/20,.Tm1(t2)) 
title(‘Moderator Temperature - Model and Actual’) 
ylabel(’Ave Mod Temp’) 

xlabel(’Time (seconds)’) 

pause 
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Appendix D 


FORTRAN Code for Model Implimentation 


FORTRAN Code Vanables for Model Implimentation 


Sample Input File 


Sample Output - Parameter Estimation 


Sample Output - Parameter Performance Check 
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c This program runs the heat deposition model for reactivity 
c using a specified input file containing time(s). power(k W) 
c Inverse kinetics reactivity(miullibeta). transient rod bank 
c heigth(units). Formulation is for the ACRR. 
Cc 
23456 7——__——---__---- --- -----------------------------———---- 
real a0, al, bO, bl. b2. cO0. cl, c2, dO. dl. d2, g0. gl. g2, mO 
@.m1, m2, Af. df. Vm. Cpm. TM. Tpool. Tfint. Pwr, Dkfb, dt. t. 
@dm, Vf, Tfm, htrb, invk, Dkbal, bound. ume. OM, Y. Dkest, OM2 
@,HP1], dev, HP2, a2, Pin, Tmcal, Tfmcal, htrbint, b, invk1], invks 
real F(4.4). E(4.4). X(4.1), H(4.1). HT(1.4). OM1(4.1). L1(4.1) 
@, XHAT(4,1), L(4,1). HTE(,4), EP(4,4). EA(4,4). HTE1(1,4), 
@EA1 (4.4). FT(4.4). FTF(4,4). BB(4.4) 
logical align 
Integer rods, R 
common/areal/a0, al, a2. bO. bl. b2, c0, cl, c2. dO. dl. a2. g0. 
@ gl. g2. m0. ml, m2, Af. df. Vm. Cpm, TM, Tpool. Tfint, Pwr, dt, 
@ Dkfb, t. dm, Vf. Tfm. htrb, invk. Dkbal. bound. time. OM. Y. 
@ Dkest. OM2, HP1. HP2. dev, pin, Tmcal. Tfmcal. htrbint 
common/area2/E. X. H, HT. OM1.L1. XHAT. L. HTE, EP, EA. 
@ HTE1. EAI. FT, FTF, BB. F 
Cc 
C initialize parameters 
c 
a0=9.8 
al=-4.0822 
a2=1.1773E-10 
b0=-19.0 
b1=54.8 
b2=-4.0805E-8 
c0=78.381 
¢1=0.3393 
c2=-8.9181E-5 
d0=4189.8 
d1=-0.61063 
d2=0.008881 1 
g0=1002.9 
g1=-0.1599 
g2=-—0.0028345 
m0=-49.79 
m1=2.9305 
m2=-0.0151 
Af=14.0 
df=3550.0 
Vm=0.045434752 
Cpm=4182.0 
TM=20.0 
Tpool=20.0 
Tfint=23.0 
Pwut=2.57E3 
Dkfb=0.0 
dt=0.045 
1=6.3E-7 
dm=998.20323 
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Vf=0.09866089 

Tfm=Tfint 

htrb=3003.0 

htrbint=3003.0 

invk=0.0 

Dkbal=0.0 

align=.faise. 

bound=0.02 

b=bound 

time=0.0 

F(1,1)=1-Af*dt*(b0* LE-1+2.0%b1* 1E-+*Tfm+3.0*b2 *Tfm* *2)/(df* Vf) 
@+Af*dt*Tm*(bl * 1E-4+2.0*b2*Tfm)/(df* Vf)+dt*(1-t)*Pwr*(al * LE-7+ 
Q2.0*a2*Tfm)/(df* Vf) 
F(1,2)=Af*dt* 1E-1*(1m-Tfm)/(df* Vf) 
F(1,3}=Af*dt* 1E-4*(Tm*Tfm-Tfm* *2)/(df* Vf) 
F(1,4)=(1-t)*Pwr* dt® LE-+/(df* Vf) 
F(2.1)=0.0 

F(2,2)=1.0 

F(2,3)=0.0 

F(2.4)=0.0 

F(3,1)=0.0 

F(3.2)=0.0 

F(3,3)=1.0 

F(3.4)=0.0 

F(4.1)=0.0 

F(4,2)=0.0 

F(4,3)=0.0 

F(4.4)=1.0 

call Transmat(F.FT,4.4) 

call Matmult(FT.4,4,F 4.4. FTF) 
E(1,1)=1.0 

E(1,2)=0.0001 

E(1,3)=0.000025 

E(1.4)=-0.000042 

E(2,1)=0.0001 

E(2,2)=1.0 

E(2,3)=0.0 

E(2,4)=0.0 

E(3,1)=0.000025 

E(3,2)=0.0 

E(3,3)=1.0 

E(3,4)=0.0 . 
E(4,1)=-0.000043 

E(4.2)=0.0 

E(4,3)=0.0 

E(4,4)=1.0 

invk 1=invk 

100 invks=(invk 1+invk)/2.0 

Dkest=validate(invk, invks, Dkbal.b) 
print*, time. Dkest. Tfm 

IF (align) THEN 

call Estmodel 
end IF 
call Advmodel 
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Dkfb=reactfb(Tfm,Tfint) 

Read *. ume. Pin. R. rods 

Pwr=Pin*1E3 

invk]=invk 

invk=real(R)*0.001 

htrb=real(rods) 
Dkbal=Dkfb-reactr(htrb)/100.0+reactr(htrbint)/100.0 
GO TO 100 


1000 end 


C 
C 


C 


@) 


subroutine Advmodel 


common/areal/a0, al, a2, bO, b1, b2. cO, cl, c2, dO, dl, d2, g0, 

@ gl, g2, m0, ml. m2, Af, df, Vm. Cpm. TM. Tpool, Tfint. Pwr, dt, 
@ Dk, t, dm, Vf, Tfm, htrb, invk, Dkbal, bound, time. OM, Y, 

@ Dkest, OM2, HP], HP2, dev, pin. Tmcal. Tfmcal, htrbint 
common/area2/E(4,4), X(4.1). H(4.1). HT(1.4). OM1(4.1). L1(4.1) 
@, XHAT(4,1), L(4,1), HTE(1.4), EP(4.4), EA(4.4). HTE1(1.4). 
@QEA1(4,4), FT(4,4). FTF(4,4). BB(4,4). F(4,4) 


Tfmcal=Tfm-Af*dt*(b0* LE-1*Tfm+b1* 1E~4*Tfm**2+b2*Tfm**3)/(df* Vf) 

@+Af*dt*Tm*(00* 1E-1+b1* 1E-4* Tfm+b2*Tfm**2)/(df* Vf)+(1-t)*dt*Pwr* 
@(a0*1E-4+a1*1E-7*Tfm+a2*Tfm**2)/(df* Vf) 

Tmcal=Tm+dt*{Af*(c0+cl *Tfm+c2*Tfm**2)*(Tfm-Tm)+Pur*t-(m0+m1*Tm+ 
@m2*Tm**2)*(d0+d1*Tm+d2*Tm**2)*2.0*(Tm-Tpool))/((go+g1*Tm+g2* 
@Tm**2)*(d0+d1 *Tm+d2*Tm**2)* Vm) 

F(1,1)=1-Af*dt*(00* 1E-1+2.0*b1* le-4+* Tfm+3.0*b2*Tfm**2)/(df* Vf)+ 
@Af*dt*Tm*(b1 * 1E-4+2.0*b2*Tfm)/(df* Vf}+dt*(1-t)*Pwr* (al * 1E-7+2.0 
@*a2*Tfm)/(df* Vf) 

F(1,2)=Af* dt* 1E-1*(1'm-Tfm)/(df* Vf) 

F(1,3)=Af*dt* LE-4*(Tm*Tfm-Tfm**2)/(df* Vf 

F(1,4)=(1-t)*Par*dt* LE-4/(df* Vf) 

H(1,1)=(-3.85+730.0* Tfm/(273.15+Tfim)**2-730.0/(273.15+Tfm)- 
@730.0*Tfint/(273.15+Tfm)**2)* 1E-5/0.0073 

HT(1,1)=H(1.1) 

call Matmult(HT,1,4,E,4,4,HTE) 

call Matmult(HTE, 1 .4,H.4,1,HP1) 

HP2=-1.0/(HP1+1E-7) 

call Multscale(HTE,HTE1,.HP2,1,4) 

call Matmult(H,4,1,HTE1,1,4,EP) 

call Matmult(E,4,4,EP.4.4,.EA) 

call Addmat(E,EA.EA1,4,4) 

call Transmat(F,FT,4,4) 

call Matmult(EA 1.4.4, FT.4,4. FTF) 

call Matmult(F,4,4 FTF.4,4.E) 

Tfm=T fmcal 

Tm=Tmceal 

return 

end 


subroutine Estmodel 
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common/area1/a0, al, a2. bO. bI, b2. cO, cl. c2. dO. dl. d2. g0. 

@ gl, g2. m0, ml. m2. Af. df. Vm, Cpm, TM, Tpool. Tfint. Pwr. dt, 
@ Dkfb. t. dm. Vf. Tfm, htrb, invk, Dkbal, bound, time, OM. Y, 

@ Dkest, OM2. HP], HP2. dev. pin, Tmcal. Tfmcal. htrbint 
common/area2?/E(4,4), X(4.1), H(4.1), HT(1,4), OM1(4.1). L1(4,1) 
@, XHAT(4,1), L(4.1). HTE(1.4). EP(4,4), EA(4.4). HTE1(1,4). 
@EAI(4,4). FT(4.4), FTF(4.4). BB(4.4), F(4.4) 


X(1,1)=Tfm 

X(2,1)=00 

X(3,1}=b1 

X(4,1)=a0 

H(1,1)=(-3.85+730.0*Tfm/(273.15+Tfm)* *2-730.0/(273.15+Tfm)- 
@730.0*Tfinv(273.15+Tfm)**2)* 1E-5/0.0073 
HT(1.1)=H(1,1) 

H(2,1)}=0.0 

H(3,1)=0.0 

H(4,1)=0.0 
Y=Dkest+reactr(htrb)/100.0-reactr(htrbint)/100.0 
HT(1,2)=0.0 2 
HT(1,3)=0.0 

HT(1.4)=0.0 

call Matmult(E.4.4.H.4.1.0M1) 

call Matmult(HT.1.4.0M1.4.1.0M) 

OM=0M+1E-7 

OM2=1.0/0M 

call Multscale(OM 1.L.OM2,4.1) 

dev=(Y (Tfm-Tfint)* (-3.85-(730.0/(273.15+Tfm)))* 1E-5/0.0073) 
call Multscale(L.L1.dev.4,1) 

call Addmat(X\L1,XHAT.+4.1) 

Tfm=XHAT(1,1) 

bO=XHAT(2.1) 

bl=XHAT(3.1) 

a0=XHAT(4.1) 

retum 

end 


subroutine Addmat(A.B,C,N,M) 


Integer N,M.1i, 
real A(N,M). BCN,M). C(N.M) 
Do 10, i=1,N 
Do 10, j=1,M 
10 C(i,j)=ACij)+Bij) 
return 
end 


subroutine Transmat(A.C,N.M) 
Integer N.M,i,Jj 


real A(N.M). C(N.M) 
Do 20, 1=1.N 
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Do 20. j=1.M 
20 Ca j=AG.t) 
return 
end 


subroutine Multscale(A.C.b,N.M) 


Integer N.M.ij 
real A(N,M), C(N.M). b 
Do 30, i=1.N 
Do 30, j=1.M 
30 C(ij)=b* AC) 
return 
end 


subroutine Matmult(A.N.M.B.M.k.C) 


Integer 1.j.w.N.M.k 
real A(N,M). B(M.k). CON.k). sum 
Do 50, i=1.N 
do 50. j=1.k 
sum=0.0 
Do 40, w=1,M 
sum=sum+A(i.w)*B(w) 
40 continue 
C(iiy)=sum 
50 continue 


(@) 


return 
end 


real function reactr(p) 


real p 
if(p .It. 


if(p .gt. 
if(p .le. 
if(p .le. 
if(p .le. 
if(p .fe. 
if(p .le. 
if(p .le. 
if(p .le. 
if(p -le. 
if(p .le. 
if(p .le. 
if(p .le. 
if(p .le. 
if(p .le. 
if(p .le. 
if(p .le. 


2031.) p=2031. 

7460.) p=7460. 

2700.) go to 600 
3100.) go to 605 
3300.) go to 610 
3500.) go to 615 
3700.) go to 620 
3900.) go to 625 
4100.) go to 630 
4300.) go to 635 
4500.) go to 640 
4700.) go to 645 
4900.) go to 650 
5100.) go to 655 
5300.) go to 660 
5500.) go to 665 
5700.) go to 670 
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7 
a 


if(p le. 5900.) go to 675 
if(p .le. 6100.) go to 680 
if(p .le. 6300.) go to 685 
if(p le. 6700.) go to 690 
if(p .le. 7100.) go to 695 
if(p .le. 7500.) go to 700 
go to 705 

600 reactr=-0.016143*p+472.985693 
return 

605 reactr=0.049250*p+562.375 
return 

610 reactr=-0.0765*p+646.85 
return 

615 reactr=-0.091*p+694.7 
return 

620 reactr—0.1005*p+727.9 
return 

625 reactr=-0.1085*p+757.5 
return 

630 reactr=-0.1225*p+812.15 
return 

635 reactr=-0.125*p+822.4 
retum 

640 reactr=-0.1305*p+846.05 
return 

645 reactr=-0.1295*p+841.55 
return 

650 reactr=-0.1295*p+841.55 
return 

655 reactr=-0.122*p+804.8 
return 

660 reactr=-0.120*p+794.6 
return 

665 reactr=-0.110*p+741.6 
return 

670 reactr=-0.1065*p+722.35 
return 

675 reactr=-0.0965*p+665.35 
return 

680 reactr=-0.097*p+668.3 
return 

685 reactr=-0.076*p+540.2 
retum 

690 reactr=-0.06575*p+475.625 
return 

695 reactr=-0.04725*p+351.675 
return 

700 reactr=-0.028*p+215.0 
return 

705 reactr=-0.00333*p+30.0 
return 
end 
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real function reactft{T.TIN) 


real T, TIN. TK 

TK=T+273.18 
reactfb=(T-TIN)*(-3.85-730.0/TK)* 1E-5/0.0073 
return 

end 


real function validate(ma.mb.mc.b) 


real m(3), N(3), PAR. TEST. m2(2), N2(2).b 
real ma.mb.mc 
integer i,k 
m(1)=ma 
m(2)=mb 
m(3)=me 
Do 10. 1=1.3 
N(i)=ABS(m(i)-(m(1)+m(2)+m(3))/3.0) 
10 continue 
TEST=(8.0/3.0)*((m(1)*b)* *2) 
PAR=abs(N(1)**2+N(2)* *2+N(3)**2-(9.0*N(1)**2)/2.0) 
if(PAR .lt. TEST) THEN 
validate=(m(1)+m(2)+m(3))/3.0 
go to 100 
end if 
if(N(1) .gt. N(2)) THEN 
1f(N(1) .gt. N(3)) THEN 
m2(1)=m(2) 
m2(2)=m(3) 
else 
m2(1)=m(1) 
m2(2)=m(2) 
end if 
else 
if(N(2) .gt. N(3)) THEN 
m2(1)=m(1) 
m2(2)=m(3) 
else 
m2(1)=m(1) 
m2(2)=m(2) 
end if 
end if 
Do 40, k=1,2 
N2(k)=abs(m2(k)-(m2(1)+m2(2))/2.0) 
40 continue 
TEST=2.0*((b*m(1))**2) 
PAR=abs(N2(1)**2+N2(2)**2-4.0*N2(1)**2) 
if(PAR .jt. TEST) THEN 
validate=(m2(1)+m2(2))/2.0 
go to 100 
else 
validate=m(1) 
end if 


2M) 





100 return 
end 


Ae 





do, 4}, a2 


bo, b}, b2 


Co, C1, C2 


do, dy, da 


So 81> 82 


Mo, Mm], M2 


FORTRAN Code Variables for Model Implimentation 


Polynomial coefficient for a second order polynomialrepresnting the inverse 


of the fuel specific heat capacity. 
Polynomial coefficients for a second order Polynomial representing the 
overall fuel to coolant heat transfer coefficient divided by the fuel specific 


heat capacity. 


Polynomial coefficients for a second order Polynomial representing the 


overall fuel to coolant heat transfer coefficient. 


Polynomial coefficients for a second order polynomial thé moderator 


specific heat capacity. 


Polynomial coefficients for a second order polynomial representing the 


moderator density (Main, Advmodel, Estmodel). 


Polynomial coefficients for a second order polynomual representing the 


moderator mass flow rate. 


fuel to coolant heat transfer surface area. 


fuel density 
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Tpool 


TEnt 


PWR 


DK fb 


dt 


Ve 


T£m 


Volume of moderator within the core. 


Specific heat capacity of moderator. 


Moderator average temperature. 


Reactor pool temperature. 


Initial fuel temperature. - 


Reactor Power. 


Thermal feedback reactivity. 


Sample time. 


Percentage of fission power deposition in the coolant due to gamma 


heating. 


Fuel volume. 


Fuel temperature as perdicted by thermal model. 
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htrb 


invk 


DKbal 


bound 


time 


OM 


DKest 


dev 


Tmcal 


Transient rod bank position 


Reactivity calculated via Inverse Kinetics. 


Reactivity calculated via reactivity balance. 


Percentage error bound of reactivity signals for use in signal validation. 


Elapsed time since start of transient. 


Value used in calculation of estimation routine Kalman gain. 


Fstmation routine value of actual reactor reactivity equal to the validated 


reactivity signal. 


Value of the validated reacivity signal. 


Estimation routine value of innovation equal to the difference between 


actual and estimated reactivity. 


Initial reactor power. 


Perdicted moderator temperature for next time step. 


Ja, 





htrbint 


Invk 1 


Ft 


HT 


XHAT 


Initial position of transient rod bank. 

Percentage error bound of reactivity signals for use in signal validation. 
Inverse Kinetics reactivity from previous step inverse kinetics reactivity. 
Lineanzed system matmx for model parameter estimation. 

Tenepose of matrix F. 

System error covanance matrix for model parameter estimation. 


Present value of model fuel temperature, and model thermal parameter 


coefficients bo, bj, and ao. 

System descriptive matnx. 

Transpose of matnx H. 

Interger value of input inverse kinetics reactivity as read from input file. 


Estimation values of fuel temperature, and model thermal parameter 


coefficients, bo, by, do. 
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A,B,C,N,M 


Ma, Mp, Mc 


PAR 


Test 


Matnx representing Kalman estimation gain. 


Logical vanble used to determine it estimation routine should be used. 


True = Estimate new model parameter coefficients. 


False = Use present values of model coefficients. 


Matnx values used in matnx math routines. 


Dummy vanable for transient rod position in reactivity function reactor. 


Dummy vanable for fuel temperature in reactivity function reacfb. 


Dummy vanable for initial fuel temperature in reactivity function reacfb. 


Fuel temperature (°K) 


Measured reactivity values in reacivity validation routine. 


Value of parity vector magnitude for a reactivity measurement. 


Consisting threshold for parity test during reactivity signal validation. 


ol 





M(1),M(2),M(3) Measured reactivity values in reacivity validation routine. 


OM2, HP1, HP2, HTE, EP, EA, HTE, EAI, FTF, BB are scalar and matrix vanables used 


as intermediate values during parameter calculation. 
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0.04 
0.09 
0.13 
0.17 
O72 
E48, 
0.3 

0.33 
0.38 
0.42 
0.47 
0.5 

0.53 
0.58 
0.63 
0.67 
0.7 

0.75 


0.83 
0.87 
0.92 
0.97 


1.05 
1.08 
1.13 
1.17 
22 
P25 
1.3 

133 
1.38 
1.42 
1.47 


1.55 
1.58 
1.63 
1.68 
ef 2 
ie) 
1.8 

1.85 
1.88 
193 
1.98 
2.02 
Z.07 
2.1 

2.15 
2.18 
223 
pial 


2.70 
2.80 
2.9 
3.02 
par 
24, 
3.5 


gj 73) 
322 
3, El 
3.48 
S72 
pane) 
4.99 
3.83 
4.08 
3.89 
3.85 
5.65 
4.48 
4.39 
4.26 
4.28 
4.74 
5.43 
6.51] 
6.14 
6.77 
6.48 
7.67 
8.49 
9.69 
8.86 
10.83 
11.3 
12.24 
13259 
17.37 
22723 
21.48 
2120 
29.05 
34.5 
31.1 
35.06 
42.63 
43.36 
pyar b: 
58.63 
eM ii 
68.13 
64.7 
74.12 


25 
50 
127 
149 
-16 
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3004 
3005 
3006 
3025 
3082 
3102 
3129 
3154 
3154 
3166 
3190 
3225 
3295 
3289 
3309 
3346 
3344 
3392 
3388 
3418 
3443 
3445 
3457 
3487 
Sone, 
3549 
3393 
3613 
3642 
3675 
3704 
3736 
3766 
3798 
3832 
3865 
3899 
3929 
397] 
3983 
4000 
4008 
4015 
4020 
4023 
4027 
4035 
4037 
4042 
4045 
4047 
4042 
4027 
4043 


ay 





: Se = 
== —— 
) ee 
OO = 5 
; Oe > 
Gann a ir 


a 
7 





Zea 
235 


2.45 
2.48 
25 
2.58 
2.62 
2.67 
Ze 

2.75 


2.83 


3.32 
3.35 


3.45 
3.48 
3.53 
bel 
3.62 
3.67 


3.75 
3.78 
3.83 
3.88 
Be 
2.97 


4.05 


4.13 
4.18 
4.23 
4.27 
4.32 
4.37 
4.4 

4.45 
4.5 

4.53 
4.58 
4.63 


82.38 866 
87.86 862 
88.8 849 
95.71 852 
107.16 863 
118.76 865 
106.9 821 
117.27 840 
120.83 831 
122.16 820 
147.35 854 
164.99 857 
166.14 839 
181.68 850 
200.95 857 
197.24 835 
230.9 859 
193.27 786 
223.55 833 
239.35 332 
271.69 847 
288.01 841 
328.78 859 
354.94 855 
390.74 862 
370.11 832 
432.1 857 
436.49 838 
482.29 851 
483.75 834 
447.24 805 
508.3 831 
595.81 854 
582.91 827 
717.44 868 
739.89 849 
779.94 846 
818 842 
882.66 847 
837.31 815 
973.96 848 
1062.97 847 
1051.06 826 
1135.26 837 
1307.45 853 
1407.67 851 
1436.18 841 
1436.59 827 
1538.31 833 
1649.69 835 
1733.55 831 
1998.42 854 
2010.3 834 
2107.71 832 


4040 
4030 
4035 
4035 
4030 
4030 
4030 
4025 
4027 
4025 
4027 
4032 
4030 
4030 
4018 
4025 
4023 
4025 
4025 
4025 
4025 
4027 
4030 
4030 
4035 
4030 
4030 
4030 
4032 
4032 
4025 
4023 
4037 


4037 


pl 


0 





4.67 
4.72 
4.77 
4.8 

4.85 
4.9 

4.93 
4.98 
5.03 
5.07 
215) 04 
Dal / 
a2 

3). 748) 
5.28 
3 
5.38 
5.42 
5.47 
= 

5555 
5.58 
5.63 
5.68 
5272 
oof 
5.8 

5.85 
5.88 
5.93 
5.98 
6.02 
6.07 
6.1 

6.15 
6.2 

6.23 
6.28 
6.33 
6.37 
6.42 
6.45 
6.5 

6.55 
6.58 
6.63 
6.67 
6.72 
6.77 
6.8 

6.85 
6.88 
6.93 
6.97 


2305.83 841 
2387.47 833 
2579.94 837 
2659.68 829 
2851.86 835 
3021.09 832 
3196.9 832 
3358.07 831 
3497.26 826 
3570.52 817 
3651.1 813 
3687.73 803 
3717.03 793 
3746.33 788 
3775.64 779 
3826.92 776 
3922515 772 
3980.76 766 
4039.36 762 
4046.69 753 
4090.64 750 
4083.32 739 
4105.29 735 
4127.27 728 
4163.9 723 
4149.25 715 
4200.53 712 
4163.9 703 
4149.25 694 
4149.25 690) 
4149.25 683 
4149.25 676 
4134.6 670 
$127.27 662 
4119.94 658 
4083.32 648 
4083.32 642 
4039.36 634 
4039.36 629 
4002.73 619 
3973.43 613 
3973.43 608 
3980.76 606 
4017.38 605 
3995.41 597 
3973.43 591 
3973.43 587 
3973.43 584 
3973.43 579 
3966.1 574 
3988.08 574 
3958.78 565 
3929.48 559 
3922.15 554 


4060 


4067 
4067 
4067 
4069 
4072 
4074 
4077 
4074 
4074 
4072 
4064 


4060 
4062 
4052 
4062 
4062 
4060 


4055 
4055 
4055 
4055 
4052 
4050 
4050 
4045 
4047 
4047 
4042 
4047 
4042 
$042 
4037 
4035 
4032 
4032 
4030 
4027 
4030 
4032 
4030 
4032 
4030 
4030 
4032 
4030 
4032 
4032 
4032 
4027 
4025 


Ze 





7.02 
7.07 
73 

7AD 
7.18 
Fine) 
7.28 
US 
737 
7.4 

7.45 
75 

73° 
7.58 
7.63 
7.67 
yi 
Ga) 
7.8 

7.83 
7.88 
7.95 
7 
8.02 
8.07 
8.1 

8.15 
8.18 
8.23 
8.28 
8.32 
8.37 
8.4 

8.45 
8.48 
8.53 
8.58 
8.62 
8.67 
8.7 

8.75 
8.8 

8.83 
8.88 
8.93 
8.97 
9.02 
9.05 
9.1 

9.13 
9.18 
025 
read) 
932 


392245 552 
3944.13 55] 
3966.1 550 
3958.78 545 
3966.1 543 
3995.41 S544 
3995.41 539 
3995.41 535 
4017.38 535 
3988.08 527 
3973.43 523 
4002.73 524 
4002.73 519 
4010.06 518 
4010.06 514 
4010.06 510 
4039.36 512 
4002.73 503 
4017.38 503 
4002.73 497 
3988.08 493 
3988.08 490 
3988.08 487 
3980.76 484 
3980.76 481 
3995.41 480 
3995.41 478 
3988.08 473 
4002.73 474 
3995.41 469 
3995.41 466 
4017.38 468 
3980.76 459 
3973.43 456 
3958.78 451 
3958.78 450 
3973.43 450 
3966.1 445 
4010.06 451 
3951.45 438 
4002.73 445 
3973.43 437 
3951.45 431 
3966.1 433 
3995.41 435 
3966.1 427 
3980.76 428 
3958.78 422 
3966.1 422 
3944.13 416 
3951.45 416 
3973.43 417 
3973.43 414 
3995.41 416 


4032 
4035 
4037 
4040 
4040 
4052 
4045 
4045 
4047 
4050 
4047 
4050 
4055 
4057 
4055 
4057 
4062 
4062 
4072 
4069 
4072 
4069 
4067 
4067 
4069 
4072 
4069 
4077 
4077 
4073 
4079 
4082 
4077 
4084 
4084 
4092 
4087 
4089 
4092 
4092 
4097 
4099 
4102 
4104 
4102 
4106 
4109 
4111 
4113 
4116 
4116 
4119 
4126 
4126 


pupays 
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9.4 
9.45 
9.48 
955 
9.58 
9.62 
9.67 

> 
role 
9.78 
9.83 
9.88 
9.92 
piel 
10 
10.05 
10.1 
10.13 
10.18 
10.23 
10.27 
10.32 
10.35 
10.4 
10.45 
10.48 
10.53 
10.57 
10.62 
10.67 
10.7 
10.75 
10.8 
10.83 
10.88 
10.92 
10.97 
11.02 
11.05 
11.1 
11.15 
11.18 
11.23 
11.27 
11.32 
{P57 
11.4 
11.45 
ye he, 
11.53 
11.58 
11.62 
11.67 


3958.78 407 
3966.1 408 
3966.1 406 
3980.76 406 
3980.76 404 
3951.45 397 
3944.13 394 
3951.45 394 
3966.1 394 
3951.45 390 
3922.15 383 
3958.78 389 
3980.76 390) 
3980.76 388 
4002.73 390 
4002.73 388 
3988.08 384 
4024.71 388 
4002.73 381 
3995.41 379 
3980.76 375 
3973.43 372 
3966.1 369 
3973.43 369 
3936.8 361 
3966.1 365 
3980.76 366 
3973.43 363 
3973.43 361 
3944.13 355 
3951.45 355 
3980.76 359 
3973.43 356 
3973.43 354 
3980.76 354 
3980.76 352 
3980.76 351 
3951.45 344 
3973.43 347 
3988.08 348 
3980.76 345 
3980.76 344 
3988.08 343 
3995.41 344 
3988.08 340 
3980.76 338 
3988.08 338 
3988.08 336 
3988.08 335 
4032.04 342 
4010.06 335 
3988.08 331 
3988.08 330 
4002.73 331 


4126 
4129 
413] 
4134 
4136 
4136 
4139 
4131) 
4143 
4148 
415] 
4151] 
415] 
4158 
4163 
4166 
4168 
4171 
4173 
4173 
4176 
4176 
4173 
4183 
4188 
4193 
4190 
4195 
4198 
4198 
4203 
4205 
4210 
4205 
4213 
4218 
4220 
4220 
4225 
4218 
4232 
4245 
4237 
4240 
4245 
4242 
4250 
4252 
4255 
4257 
$257 
4262 
4267 
4262 
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11.72 
11.75 
11.8 

11.85 
11.88 
11.93 
11.97 
12.02 
12.07 
12.) 

12215 
12.18 
1223 
12.28 
P2352 
P37 
12.42 
12.45 
125 

12.55 
12.58 
12.63 
12.67 
12.72 
i450 
12.8 

12.85 
12.88 
12.93 
12.98 
13.02 
13.07 
ES) 
13.15 
13.2 

13.25 
13.28 
135.53 
Sn 
13.42 
13.47 
13.5 

13.55 
13.58 
13.63 
13.68 
13572 
bS377 
13.82 
13.85 
13.9 

13.93 
13.98 
14.03 


4032.04 335 
4002.73 327 
4032.04 332 
3995.41 324 
4010.06 326 
3995.41 321 
3995.41 320 
4024.71 325 
4010.06 320 
3995.41 316 
3988.08 314 
3995.41 315 
3966.1 308 
4010.06 316 
4002.73 312 
4002.73 311 
3995.41 309 
3980.76 305 
3980.76 304 
3958.78 299 
3988.08 304 
3980.76 301 
3973.43 299 
3995.41 302 
3995.41 301 
3995.41 299 
3988.08 297 
3988.08 296 
3988.08 295 
4002.73 297 
4002.73 296 
4002.73 295 
4002.73 294 
3995.41 29] 
3995.41 291 
4017.38 294 
3995.41 288 
4002.73 289 
3988.08 285 
3944.13 276 
3995.41 286 
4010.06 287 
4002.73 284 
4002.73 283 
3995.41 281 
3980.76 277 
4010.06 283 
4010.06 281 
4017.38 282 
4002.73 277 
3995.41 276 
4002.73 276 
4002.73 275 
4010.06 276 


4274 
4265 
4274 
4282 
4282 
4292 
4292 
4292 
4296 
4296 
4301 
4304 
4306 
$311] 
4314 
4314 
4319 
4324 
4324 
4329 
4331] 
$338 
4336 
4346 
434] 
4348 
4348 
4353 
4356 
4361 
4366 
4368 
437] 
4373 
4378 
4380 
4385 
4388 
4390 
4395 
4393 


4408 
4410 
4410 
4415 
4415 
4420 
4425 
4425 
4425 
4432 
4430 
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14.07 
14.12 
14.17 
14.2 

14.25 
14.3 

14.33 
14.38 
14.42 
14.47 
14.52 
14.55 
14.6 

14.65 
14.68 
14.73 
14.77 
14.82 
14.87 
14.9 

14.95 


15.03 
15.08 
Leselz 
15.17 
122 
15,25 
153 

15.35 
15.38 
15.43 
15.47 
152 
iB 7 
15.6 

15.65 
15.7 

15.73 
15.78 
15.83 
15.87 
15.92 
5.97 


16.05 
16.1 

16.13 
16.18 
16.22 
16.27 
16.32 
16.35 
16.4 


4010.06 275 
3988.08 270 
3980.76 268 
4002.73 272 
4002.73 270 
4017.38 272 
4046.69 277 
3995.41 266 
3995.41 265 
3995.41 265 
4010.06 267 
3995.41 263 
3980.76 259 
3995.41 262 
3995.41 261 
3980.76 257 
4002.73 261 
4010.06 262 
4010.06 261 
4002.73 258 
4024.71 262 
4010.06 258 
3995.41 254 
4002.73 256 
4017.38 258 
3995.41 252 
3995.41 252 
3995.41 25] 
4010.06 254 
4002.73 251 
4017.38 253 
3995.41 248 
3980.76 244 
3958.78 240 
4002.73 249 
4002.73 247 
4017.38 250 
4010.06 247 
3966.1 237 
4002.73 245 
4010.06 245 
3995.41 24] 
4002.73 243 
4010.06 243 
4010.06 243 
4010.06 242 
4010.06 24] 
4002.73 239 
3995.41 237 
3973.43 232 
3988.08 235 
4017.38 240 
4010.06 237 
4017.38 239 


4.4.42 
4445 
4447 
4452 
4454 
4462 
4462 
4464 


4462 
4472 
4477 
4477 
4477 
4484 
4489 
449] 
4496 
4499 
4506 
4506 
4509 
4509 
4514 
4516 
4516 
4524 
4528 
4528 
4533 
4536 
4538 
454] 
4546 
4548 
4553 
4558 
4561 
4563 
4563 
4570 
4573 
4573 
4575 
4580 
4583 
4588 
4590 
4593 
4598 


4605 


4610 


225 





16.45 
16.48 
16.53 
16.58 
16.62 
16.67 
16.72 
16.75 
16.8 

16.85 
16.88 
16.93 
16.97 
| AU 
7 07 
Tie) 

17.15 
lie2 

eZ 3 
17.28 
lees 3 
17.37 
17.42 
17.47 
5 

le 55 
17.6 

17.63 
17.68 
17.72 
ly.77 
17.82 
17.85 
17.9 

17.95 
17.98 
18.03 
18.08 
18.12 
18.17 
18.22 
18.25 
18.3 

18.35 
18.38 
18.43 
18.47 
18.52 
18.57 
18.6 

18.65 
18.7 

18.73 
18.78 


4017.38 238 
4002.73 234 
3980.76 229 
3980.76 229 
3988.08 230 
4002.73 232 
4002.73 232 
3995.41 229 
3995.41 229 
4017.38 233 
4010.06 230 
3988.08 225 
4010.06 230 
4017.38 231 
4010.06 228 
4010.06 228 
4002.73 226 
4024.71 230 
4024.71 229 
4024.71 228 
4010.06 224 
4010.06 224 
4010.06 224 
4017.38 224 
3995.41 219 
4002.73 221 
4002.73 220 
4010.06 221 
4010.06 220 
3995.41 217 
3995.41 217 
4002.73 218 
3988.08 214 
3995.41 215 
4002.73 216 
3966.1 207 
4002.73 216 
3988.08 212 
3988.08 211 
3988.08 211 
4002.73 214 
3988.08 210 
3988.08 210 
4010.06 214 
4017.38 214 
4010.06 212 
4010.06 212 
4010.06 211 
4002.73 209 
3995.41 207 
4017.38 212 
4024.71 212 
4039.36 215 
4032.04 213 


4617 
4615 
4615 
4620) 
4625 
4625 
4630 
4622 
4637 
4642 


4649 
4652 
4659 
4659 
4662 


4669 
4672 
4677 
4677 
4679 
4684 
4686 
4689 
4694 
4696 
4696 
4696 
4699 
+706 
4704 
$71] 
4714 
4716 
4716 
4726 
4723 
+726 
+726 
4736 
4736 
4738 
4733 
4746 
4746 
475] 
4746 
4758 
476] 
4753 
4765 
4768 


226 





18.83 
18.87 
18.92 
18.97 
19 
19.05 
19.08 
19.13 
19.18 
a2 
Wo 27 
19°32 
ie 3) 
19.4 
19.45 
19.48 
19.53 
19.58 
19.62 
19.67 
Loe 2 
19.75 
19.8 
19.83 
19.88 
19°95 
19.97 
20.02 
20.07 
20.1 
20.15 
20:2 
20.23 
20.28 
20.33 
20.37 
20.42 
20.47 
20.5 
20.55 
20.58 
20.63 
20.68 
20.72 
20.77 
20.82 
20.85 
20.9 
20.93 
20.98 
21.03 
21.07 
Z1A2 
21.17 


4024.71 210 
4024.71 210 
4032.04 211 
4039.36 212 
4017.38 206 
4010.06 205 
4002.73 203 
3995.41 201 
4010.06 204 
4010.06 203 
4002.73 201 
4024.71 206 
4010.06 202 
4017.38 203 
4010.06 201 
4010.06 201 
4017.38 202 
4010.06 200 
4010.06 199 
4010.06 199 
4024.71 202 
4010.06 198 
4024.71 201 
4039.36 203 
4039.36 203 
4054.01 205 
4046.69 203 
4039.36 201 
4039.36 200 
4024.71 196 
4039.36 200 
4024.71 196 
4032.04 197 
4046.69 200 
4010.06 191 
4024.71 194 
4024.71 194 
4010.06 190 
4010.06 190 
4024.71 193 
4039.36 196 
4039.36 195 
4046.69 196 
4075.99 202 
3988.08 181 
3973.43 179 
3966.1 178 
3988.08 183 
3980.76 180 
3980.76 180 
4010.06 186 
3980.76 179 
3995.41 183 
3966.1 176 


4770 
4775 
$775 
4778 
+780 
4780 
4780 
4785 
4788 
4790 
4795 
4795 
4798 
4800 
4810 
4805 
4807 
4810 
4812 
4815 
4820 
4822 
4822 
4827 
4827 
4832 
4835 
4835 
4835 
4837 
4842 
AO 
4844 
4849 
4849 
4852 
43854 
4849 
4857 
4859 
4862 
4864 
4867 
4867 
4869 
4869 
4867 
4869 
4872 
4879 
4879 
4879 
4894 
488] 


227 





Pag 
2125 
21.28 
723 NSB 
21.38 
21.42 
21.47 
7d) eye 
215) 
21.6 
21.65 
21.68 
21.73 
21.78 
21.82 
21.87 
21.9 
21.95 
22 
22:05 
22.08 
Z2-\3 
Dal} 
Wea 
22.25 
22s 
22.35 
22.58 
22.43 
22.48 
m2 
2D] 
22.62 
22.65 
a2 7 
221) 
22.78 
22.83 
22.87 
Jip 
22.97 
23 
23.05 
23.1 
235.13 
23.18 
Ma) DAE 
Zoe2] 
23,52 
23.35 
23.4 
23.45 
23.48 
23.53 


3966.1 176 
3944.13 17] 
3980.76 180 
3995.41 182 
4002.73 183 
3988.08 179 
3973.43 176 
3973.43 176 
3966.1 174 
3995.41 180 
3980.76 176 
3988.08 178 
3980.76 176 
4024.71 185 
4010.06 181 
4024.71 184 
4002.73 178 
4010.06 180 
4010.06 180 
4010.06 179 
4017.38 180 
4010.06 178 
3995.41 175 
4017.38 180 
4002.73 175 
4010.06 177 
4024.71 180 
4010.06 176 
4010.06 176 
3980.76 169 
3995.41 173 
3980.76 169 
3995.41 172 
4010.06 175 
4010.06 174 
3995.41 17] 
3995.41 170 
4024.71 177 
4002.73 171 
4010.06 173 
3980.76 166 
3995.41 169 
4002.73 170 
4002.73 170 
3966.1 16] 
4002.73 170 
3995.41 167 
3995.41 167 
4032.04 175 
3995.41 166 
3988.08 165 
3995.41 166 
3980.76 162 
3988.08 164 


4889 
4889 
4889 
489] 
4899 
490] 
4896 
4906 
4906 
4906 
4906 
4914 
4914 
4918 
492] 
4923 
4923 
4926 
4931] 
4933 
4933 
4936 
4936 
4938 
494] 
494] 
4946 
4948 
4948 
4951 
495] 
4955 
4958 
4960 
4960 
4963 
4963 
4965 
4968 
4970 
4973 
4973 
4978 
4978 
4983 
4983 
4985 
4990 
4990 
4993 
4983 
4997 
4990 
5000 


228 





23.58 
23.62 
23.67 
23.7 

23.75 
23.8 

23.83 
23.88 
23.93 
23.97 
24.02 
24.07 
24.1 

24.15 
24.18 
24.23 
24.28 
24.32 
24.37 
24.42 
24.45 
24.5 

24.55 
24.58 
24.63 
24.68 
24.72 
24.77 
24.8 

24.85 
24.9 

24.93 
24.98 
25.03 
25.07 
Zae12 
ay 
29.2 

Zo.) 
25.28 
233 
25.38 
25.42 
25.47 
Pan) 

25.55 
25.6 

25.63 
25.68 
25.73 
25:17 
25.82 
25.87 
25:9 


3995.41 165 
4002.73 167 
3988.08 163 
3980.76 161 
3995.41 165 
3980.76 161 
3988.08 162 
3995.41 164 
3980.76 160 
3995.41 163 
3995.41 163 
3988.08 161 
4002.73 164 
4010.06 165 
4002.73 163 
4002.73 163 
4017.38 166 
3988.08 158 
4002.73 162 
4002.73 162 
4002.73 161 
3995.41 159 
4002.73 161 
3988.08 157 
3995.41 159 
3951.45 148 
3980.76 156 
3973.43 153 
3988.08 157 
3995.41 158 
3988.08 156 
3995.41 157 
3995.41 157 
3995.41 157 
4039.36 167 
4010.06 159 
3995.41 155 
3980.76 152 
4010.06 159 
3995.41 154 
3980.76 151 
4002.73 156 
3980.76 150 
4002.73 156 
4010.06 157 
3995.41 153 
3973.43 148 
3973.43 148 
4010.06 156 
4010.06 156 
4002.73 153 
4010.06 155 
4002.73 153 
4010.06 154 


5015 
5005 
5005 
5007 
5012 
5015 
5015 
5017 
5020 
5022 
5025 
5030 
5032 
5037 
5034 
5049 
5042 
5039 
5047 
5047 
5049 
5049 
5054 
5057 
5057 
5059 
5062 
5062 
5067 
5067 
5079 
5076 
5074 
5079 
5081 
5086 
5084 
5086 
5086 
5081 
5091 
5096 
5096 
5101 
5101 
5106 
5109 
5111 
5113 
5116 
5104 
5118 
5123 
5126 


aS, 





Po uptyy ts 
—— —— 





25.95 
26 
26.03 
26.08 
26.13 
26.17 
26:22 
26.25 
26.3 
26.35 
26.38 
26.43 
26.48 
26:52 
26°57 
26.62 
26.65 
26.7 
26.73 
26.78 
26.83 
26.87 
26.92 
26.97 
27 
27.05 
271 
27.13 
27.18 
Ded 2 
ied) 
I, Fh B pa 
735 
27.4 
27.45 
27.48 
27.53 
27.58 
27.62 
27.67 
27.7 
27.75 
27.8 
27.85 
27.88 
27:93 
27.97 
28.02 
28.07 
28.1] 
28.15 
28.2 
28.23 
28.28 


3973.43 146 
4002.73 153 
3995.41 150 
4010.06 154 
4032.04 158 
4010.06 152 
4032.04 157 
4010.06 152 
4010.06 152 
4017.38 153 
4010.06 151 
4002.73 149 
3995.41 147 
4002.73 149 
4010.06 150 
4032.04 155 
4017.38 15] 
3988.08 144 
4002.73 148 
3995.41 146 
4039.36 156 
4024.71 15] 
4024.71 151 
4002.73 146 
4017.38 149 
4002.73 145 
4010.06 147 
4002.73 145 
4002.73 145 
3995.41 143 
4002.73 145 
3995.41 143 
4017.38 148 
4024.71 149 
3995.41 141 
3995.41 142 
3995.41 142 
4039.36 15] 
3980.76 136 
3973.43 136 
3973.43 136 
3966.1 134 
3958.78 132 
3973.43 136 
3958.78 132 
3958.78 132 
3966.1 134 
3944.13 129 
3973.43 136 
3980.76 137 
3995.41 140 
4024.71 146 
3973.43 133 
3973.43 134 


5128 
5131] 
$133 
5136 
5136 
S141 
5146 
5143 
$146 
5150 
5153 
5153 
5155 
$158 
5160 
5163 
5165 
5168 
$163 
$175 
5173 
5178 
$178 
5180 
5180 
5180 
5183 
5190 
5187 
$187 
5187 
9192 
5197 
5200 
5200 
5202 
5205 
5202 
$207 
5207 
5205 
5210 
5210 
5215 
5220 
$220 
225 
5227 
$227 
5234 
$234 
5234 
5757 
5239 


230 





28.32 
28.37 
28.42 
28.45 
28.5 
28.55 
28.58 
28.63 
28.67 
28.72 
28.77 
28.8 
28.85 
28.9 
28.93 
28.98 
29.03 
Poe AT 
29.12 
Zol7 
po 
a tae 
29.28 
29.33 
29.38 
29.42 
29.47 
2252 
29-59 
29.6 
29.65 
29.68 
DOS 
29.78 
29.82 
29.87 
ooo 
29-95 
30 


3951.45 129 
3980.76 136 
3973.43 134 
3966.1 132 
4002.73 141 
3995.41 138 
3966.1 13] 
3988.08 137 
3988.08 136 
3980.76 134 
4010.06 141 
4017.38 142 
4002.73 138 
3995.41 136 
4024.71 143 
4002.73 137 
4024.71 142 
4024.71 141 
4032.04 143 
4010.06 137 
4032.04 143 
4046.69 145 
4032.04 141 
4039.36 143 
4046.69 144 
4046.69 143 
4046.69 143 
4039.36 14] 
4024.71 137 
4024.71 137 
4010.06 134 
4032.04 139 
4010.06 133 
4032.04 138 
4061.34 145 
4017.38 134 
4032.04 137 
3980.76 125 
4017.38 134 


5242 
5259 
5249 
D252 
5254 
5259 
2am be 
5259 
5262 
5274 
5269 
5259 
5274 
5276 
5276 
5284 
5284 
5286 
5281 
5291 
5294 
299 
5301 
5301] 
5303 
5306 
5308 
5313 
5311 
5316 
5318 
5316 
532] 
5321 
5321 
5326 
5326 
533] 
5333 


231 





Time 'DKEST INVK INVKAVE DKBAL a0 bO b1 
4.00E-02) 2.50E-02 2.50E-02 1.25£-02 4.93E-04 co 0 
9.00E-02 5.00E-02 5.00E-02, 3.75E-02 1.33E-02 -3.50E-O2 0.572183 1.31E-02 
0.13, 0.127, 0.127, 8.85E-02 2.60E-02 0.14356 1.74877 3.93E-02 
0.17 0.149. 0.149. 0.138, 6.09E-02 -0.60418; 4.37332 9.73E-02 
0.22 -1.60E-02 -1.60E-02' 6.65E-02, 0.106795 -1.15859 3.16403 8.52E-02 
0.25, -1.00E-03 -1.00E-03 -8.50E-03 9.63E-02 -0.16619 12.2872 0.216762 
0.3; 0.277, 0.277 0.138 0.102987 0.74514 21.5962 0.36101 

EE Stil REE ae oS aml Ed 
0.33) 0.156 0.156 0.2165 0.143796 -1.11433 5.20852  1.00E-01 
0.38. 0.195, 0.195 0.1755 0.145151 -1.27323 3.62486 7.43E-02 
0.42, 0.1875 0.185 0.19 0.159475 -2.01232 -4.59485 -5.98E-02 
0.47. 0.153. 0.153. 0.169 0.180583 -2.48055 -10.3814 0.15374 
0.5; 0.204196 0.254 0.2035 0.204892 -1.97056 -3.49128 -4.29E-02 


0.53, 0.295 0.295 0.2745, 0.227804 -1.95662, 





0.58, 9.00E-02, 9.00E-02 0.1925 0.259552) -3.42615 -24.7509' 0.384 


0.63. 0.492 0.492 0.291 0.271265 0.621924 36.3554 -0.7288 
0.67 0.267. 0.267 0.3795, 0.313299 -4.83517 -45.8143 0.4238 
0.7| 0.306007 | 0.341 0.304, 0.308013 -3.54283 -26.5585 -0.40968 
0.75) 0.320098 0.296 0.3185 0.321696, -3.48391) -25.6626, -0.39782 
0.8 0.2885 0.286 0.291; 0.348144 -3.4346, -24.9066 0.588285 


0.4145 0.370554: -1.53219. 
0.87 0.352 0.352) 0.4475; 0.408052 -7.15336' -82.481, -1.30008 
0.92. 0.3565 0.358 0.355: 0.405491, -5.18245 -52.3171 0.83434 
0.97, 0.331 0.331 0.3445 0.412269, -3.42769 -25.1728 -0.41817 

0.3315) 0.432182: 0.49592 

0.3665! 0.452468 3.12144 75.2534 

0.4405 0.479977. 





4.97461; 102.245 





1.17) 0.539703 
1.22) 0.566956. 0.562 0.536 0.571912) 5.17883, 104.598 1.53967 
1.25) 0.532 0.522 0.542 0.604375, 5.39105 106.766 1.55018 


1.3, 0.617013. 0.605 0.5635, 0.629026. 8.68555 137.222, 1.57704 


1.33. 0.62825 0.636 0.6205 0.662702 9.26011, 142.024 1.61188 
1.38, 0.684043 0.675 0.6555); 0.693087; 11.0321, 155.131, 2.10579 
1.42. 0.615 0.615 0.645, 0.727043 11.5368 158.396 2.18435 
1.47, 0.698 0.698 0.6565, 0.758597; 18.4112, 196.842 2.40076 
15) 0.695 0.694 0.696 0.791764 22.3959 216.277 2.45511 
0.703: 0.825066 245.12; 3.10061 





1.58 0.73 0.736 0.724) 0.857507; 38.6738 277.304, 3.42865 
1.63 O.7795 0.794 0.765) 0.905712} 49.7018, 308.898, 3.91698 






1.68, 0.82325 0.833 0.8135, 0.917892) 
0.8145; 0.937387 
0.822, 0.945626: 


355.049) 4.99036 
377.077 

0.843; 0.953313; 103.599, 

0.861, 0.8495 0.958749, 121.475, 405.71 


392.649 
1.88. 0.822). 0.809. 0.835| 0.961919| 139.947, 415.237, 6.293 
1.93! 0.83075| 0.838 0.8235 0.966053, 168.288, 424.963) 6.45636 


2.02, 0.847, 0.842, 0.852) 0.976713 226.868 434.862) 6.61625 
2.07, 0.86525 0.873 0.8575, 0.981717) 261.566 435.993, 6.61431 
21, 0.873 0.873 _0.873| 0.983909 295.542 434.846 6.55955 



















71.8614 















232 




















2.15 0.898147. 0.849 0.861 0.984439 331.36 431.717 6.44423 
2.18 0.87075 0.878 0.8635 0.976488 362.081 427.717 G12921 





0.851 0.842 0.86 0.955143 402.616 420.964 6.10125 
0.85925 0.865 0.8535 0.971489 446.029 412.446 5.91658 





2.32, 0.86575 0.866, 0.8655, 0.963366 495.607 401.251, 5.64581 

2.35; 0.863, 0.862, 0.864 0.945989 541.52, 389.682 5.33293 

2.4'| 0.883674 0.849 0.8555 0.946522, 583.011 378.224 4.9418 
0.8505' 0.941143) 616.105 





665.148 298 
2.53, 0.882776 0.865 0.864 0.919327, 702.839 338.984 3.83605 
2.58 0.832 0.821) 0.843) 0.911764 723.914 330.996 3.29779 
2.62. 0.83525 0.84. 0.8305, 0.895574 770.814 312.101, 2.84057 


2.67, 0.851449 0.831; 0.8355) 0.887846 805.829 296.628 2.55864 
2.7, 0.840655. 0.8255 0.876465, 826.589 286.63 
2.75, 0.85356 0.854 0.837, 0.869679 846.387) 276.222, 1.27849 
2.8 0.859532 0.857, 0.8555) 0.866096, 854.892) 271.315 0.875542 
2.83, 0.846846 0.839 0.848 0.853537! 858.22 269.267 0.432179 
| 0.85 0.8445 0.843669, 861.464) 267.163 
0.857. 0.8535 0.819189 860.38 
0.835 0.846 0.819673) 850.191) 275.394 0.48079 
0.859 0.847, 0.808991| 844.704 0.741548 
0.794522! 0.786 0.8225 0.803044 834.137, 288.2) 1.31786] 
1. 0.801582 0.833 0.8095 0.793664 836.991 285.828 
0.816252 0.832, 0.8325) 0.784257; 834.679 288.001, 1.31649 
0.821298 | 0.777394 
0.841 0.844 0.772616 
3.27; 0.82705: 0.859 0.85 0.772151| 800.855 323.992) 4.69904 
3°32; 0.856! 0.855. 0.857 0.763757; 789.609 335.806: 5.99381 
3.35 0.86025 0.862 0.8585 0.765347: 770.957, 353.317, 8.13613 
3.4, 0.8395 0.832 0.847, 0.753566, 751.588 368.726 10.2784 
0.8445 0.749903 12.1321 
0.838: 0.8475 0.74042. 
| : 0.8445) 0.738611 697.095. 986, 
3.62, 0.81225) 0.805 0.8195 0.720564’ 648.022. 405.534 19.8427 
3.67) 0.788443 0.831 0.818 0.716329 625.813 406.194 21.5249 
3.7| 0.807693’ 0.854  0.8425' 0.726578' 609.016 406.121) 22.8846 
0.827; 0.8405, 0.714094, 589.707, 404.491, 24.3781 
0.85775 0.868, 0.8475) 0.713435 558.589, 398.153) 26.3903 
0.85375 0.849. 0.8585 0.7076' 519.708 387.42) 28.7159 


3.88, 0.84675 0.846 0.8475, 0.704711) 475.044) 369.893) 30.5846 
0.843 0.842, 0.844| 0.700881) 427.86 347.501; 31.98] 


0.84575 0.847; 0.8445' 0.704417) 377.503; 320.198) 32.9268 
0.823, 0.815 0.831' 0.707322; 325.005 288.719) 33.3838 
4.05) 0.798422. 0.848 0.8315) 0.715767; 280.128; 259.354) 33.2614 


| 41 (0.84725) 0.847, 0.8475) 0.708246) 248.404) 237.452) 32.954) 
| | 197.459, 31.8061 
4.18' 0.80298) 0.837 151.873} 164.275) 30.3221 


4.23) 0.812611 0.853 0.845! 0.739834! 127.685, 144.361) 29.1818 
4.27 : 0.852, 0.751929’ 100.448 

















4.32, 0.8435. 0.841. 0.846 0.764941, 64.1218 





4.37 0.8305 0.827 0.834 0.779848 36.6339 61.6789 22.2224 


rr 





4.4, 0.816644, 0.833, 0.83 0.786932 20.1083 45.229 20.3954 
! nee SS a Se 

4.45 0.82291 0.835. 0.834 0.799729, 11.2726 36.0905 19.2705 

4.5 0.824408 0.831| 0.833 0.809224 5.00409 29.3475 18.3608 

























0.837516 0.854 0.8425 0.816047, 1.2767, 25.1738 17.7499 
0.836827, 0.834 0.844 0.832479 -3.48489 19.6273 16.879 
4.63, 0.831341, 0.832) 0.833) 0.829023, -4.36669 18.5528 16.6988 
0.83831 0.841. 0.8365, 0.837431, -4.78974 18.016 16.6038 
0.836497) 0.833. 0.837| 0.839489 -4.93395 17.8256 16.5685 
4.8 0.836919, 0.829 0.833) 0.848758, -3.32025, 20.1142) 17.0215 
| 0.835;  0.832| 0.847391) -1.89195 22.2489. 
4.9 0.838134) 832, 0.848901 
4.93 0.838363, 832,  0.832| 0.851088 0.17739, 25.535, 
4.98) 0.837954 0.8315 0.851363’ 1.31713 27.4568 
5.03. 0.835647 826: 0.8285! 0.852441 



















5.07; 0.827878, : | 0.8215 0.845132, 


0.815: 0.841119 
5.17; 0.815077 | ’ 0.808 0.83423 5.9388 36.0623 
5.2; 0.803524 ; 0.798 0.819571 7.01418 38.2549 
5.25| 0.797887 — 0.7905 0.815161 7.83546 39.9858 
5.28 0.789336 | 0.7835 0.805507 
5.33. 0.785602 , _ 0.7775, 0.803307 
5.38 0.777349 








5.5 0.764068 0.753 0.7575 0.781703 11.4902 48.4733 22.7711 
5.55 0.759308: 0.75 0.7515 0.776425 11.9979 49.7793 22.9483 
5.58 0.749512! 0.739 0.7445 0.765036 12.4568 50.9894 23.0904 

12.8453, 

0.738132! 728 53.0731 

: 13.5869 
5.77. 0.72492' 0.715. 0.719 0.740761, 13.9356 55.1156: 23.3291 
5.8 0.71958 0.712' 0.7135 0.73324) 14.2419 56.0169) 23.3113 
5.85, 0.712958 0.703 0.7075 0.728375 14.4906 56.7627; 23.2675 
5.88. 0.703264, 0.694. 0.6985) 0.717293; 14.7555 57.5723) 23.1849 








_ 0.698999 0.714996 14.9831, 58.2801, 
98; 0.693201 0.710104, 15.2283, | 
| _—«6.02 0.684851 0.676, (0.6795, 0.699052, 15.4734 59.8426 22.7106 
6.07| 0.681185 0.67. 0.673; 0.700554, 15.6684, 60.4785) 22.499 


0.667568 0.658: 0.66| 0.684704) 16.13) 62.0152, 21.8145 
0.658305 0.648 0.653! 0.673914) 16.331; 62.698 21.4161 
| 6.23) 0.651347) 0.642. 0.645 0.667041] 16.5049! 63.2962) 21.0057 


5 
0.643666, 0.634 0.638 0.658997) 16.6709, 63.8741 543 
0.63843 0.629. 0.6315) 0.654789, 16.8251| 64.4167) 20.0405 


0.630373 0.619, 0.624; 0.64812) 16.9814; 64.9724) 19.4477 
| —s-« 6.42} 0.623085 0.613, 0.616| 0.640255) 17.1426) 65.551) 18.7411 
6.45! 0.619464 0.608. 0.6105) 0.639893! 17.2907; 66.0876) 17.9932 


6.5) 0.617054: 0.606 0.607, 0.638161, 17.4581: 
0.614014 0.605 0.6055 0.631541) 17.6222 


| .1] 0.672476) 0.662, 0.666! 0.689427) 15.9206) 61.313 
PAL) 





























67.3033 


234 





6.58 0.609344 0.597. 0.601 0.630032 17.7517 67.784 14.961 


he a ie 


6.63 0.602847 0.591 0.594 0.623541| 17.897 68.3284 13.7202 
0.598534 0.587 0.589 0.619601, 18.0351 68.8499 12.3867 


———$_ 


6.72) 0.595884 0.584 0.5855 0.618152 18.1684 69.3575 10.9314 








6.77, 0.590767, 0.579 0.5815 0.611801. 18.302, 69.8701 9.28672 
_ 0.586991. 0.610471 18.4215 
_ 0.584881 0.574 0.574 0.606643 18.5477 70.8243 5.65982 


0.602913, 18.6582 

0.593074, 18.7721 
0.565871, : | : 0.587112 18.8699 _ 0.69711 
7.02, 0.565754 0.552 0.553 0.592261 18.9595 72.4623, -2.94225 
7.07, 0.564944, 0.551 0.5515 0.592332 19.0639 72.8868 -5.8982 
7.1; 0.563884 0.55 0.5505 0.591151 19.1643 73.2988, -9.11527 
7.15, 0.561235 0.545 0.5475: 0.591206 19.2571, 73.6835 -12.4829 
7.18; 0.558179 0.543 0.544, 0.587537. 19.3515. 74.0795, -16.3681 
7.23 0.54375. 0.544 0.5435 0.598621 19.4364. 
7.260 70-.55531, 0.539 0.5415 0.585431, 19.5816 
7.32, 0.551267) 0.535 0.537) 0.5818 19.654' 
0.535. 0.535) 0.535. 0.58064 19.72 
7.4 0.546045 0.527 0.531. 0.580134 19.8077) 
7.45 0.540263 0.523 0.525 0.572789 19.8653. 
0.52375. 0.524 0.5235. 0.572906 19.9124) 
0.52025 0.519 0.5215 0.574836 19.9716 
7.58 0.51825 0.518 0.5185 0.57291 20.0245 
7.63 0.532024 0.514 0.516 0.566071! 20.0644: 














































































































0.51. 0.512 0.56487 20.0813 

O25 15) 0.512 0.511: 0.566638 20.0952! 
7.75 0.524221: 0.503 0.5075 0.562163, 20.0964 77.8495 -116.98 
7.8 0.503 0.503 0.503, 0.570612 20.0885, 77.8952 -125.588 
7.83 0.4985 0.497 0.5 0.562009, 20.0583, 77.9176, -141.426 


0.494. 0.493 
7.93, 0.49075 


19.7093 
8.1, 0.48025, : : | 19.6031 









| ss 8.28) 0.486035. 0.469, 0.4715 0.517604, 19.0619 75.3898 -299.502 


0.46675 0.466 0.4675! 0.52061) 18.9664) 75.0997; -309.28 
= 468: 0.467, 0.518811 18.7922 






0.4535 0.50523. 
| ss 8.53} 0.45025 0.45 9.4508 0.509048! 18.0862) 72.3353! -387.879 
8.58, O. 45. 0.45, 0.496431) 17. sae 71.5486 -407. a 

8.67) 0.4495. 0.451 0.448’ 0.491191. 17. ora 70.4483) 433.549 

8.7, 0.455844 0.438 0.4445 0.485033 17.309 69.8221, -447. ee 

8.75' 0.44325 0.445 0.4415 0.485689 17.171. 69.3723 -457.549 


230 





8.8 0.453206 0.437 0.441 0.481618 16.9656 68.7011 471.918 
8.83 0.448197 0.431 0.434 0.479589, 16.8256 68.2435 481.514 
8.88 0.4325 0.433 0.432 0.476037. 16.6684 67.7293 492.072 
8.93 0.4345 0.435, 0.434 0.466476 16.4473 67.006 -506.624 
8.97 0.440988 0.427, 0.431; 0.464965, 16.2832, 66.4693, -517.231 
9.02 0.42775 0.428 0.4275 0.462657) 16.1593 66.065 -525.115 
9.05. 0.435049 0.422 0.425. 0.458146, 15.9779 65.4742 -536.47 
9.1, 0.432787 0.422, 0.422 0.454361) 15.8576 65.0836 -543.895 
9.13 0.428933, 0.416. 0.419) 0.451799, 15.7452) 64.7195 -550.737 
9.18 0.425763 0.416: 0.416, 0.44529. 15.6263 64.3358 -557.882 
9.23’ 0.425382 0.417 0.4165 0.442646 15.5252, 64.0106 -563.884 
9.27, 0.424843 0.414 0.4155, 0.445029) 15.4363 63.7261| -569.099 
9.32) 0.423104 0.416 0.415! 0.438311| 15.3333' 63.3985 -575.085 
9.35 0.416781 407° 0.4115 0.431842 

9.4 0.414859, 0.408 ; | 0.429078, 15.1815 

9.45. 0.412672, 0.406 0.407; 0.425015: 15.1117) 62.7039 -587.772 
9.48 0.411418 0.406 0.406 0.422255 15.052) 62.5201. -591.144 
9.53 0.409084 0.404 0.405 0.418253, 15.0005 62.3632, -594.039 
9.58 0.4031 0.397. 0.4005. 0.4118 14.9577 62.2345 -596.435 
9.62, 0.399529 0.409087, +=14.918' 





9.67' 0.39349 0.394 0.392471' 14.8752. 61.991 
9.7; 0.396558 0.394 0.394’ 0.401674. 
9.75 0.394506 0.39 0.392 0.401519 14.8578 61.9417, -602.011 















9.78 0.38938 
9.83) 0.388921. 
9.88, 0.388268 
9.92 0.388335 
9.97) 0.388972, 


0.383 
0.389 
0.39 
0.388 


14.8286, 
14.791 | 
14.7797 
14.7911) 
14.7924! 
































0.3865: 0.398639, 
0.386: 0.391763) 
0.3895 0.385305, 
0.389. 0.388004 ' 
0.389: 0.387915) 
0.389 0:385295 
0.386 0.381454 
0.386: 0.378838 
0.3845, 0.375129 
0.36886: 


61.8601, 


61.7572! -605.746 


61.727, -606.377 
61.7569, -605.734 




























0.388 
0.384 
0.388 









10.05’ 0.383818 
10.1} 0.384279 
10.13. 0.38021! 
10.18: 0.375953 
10.23! 0.372823 









10.27, 0.368576 0.372, 0.3735 0.360227) 14.8859 61.9514) -599.957 
10.32) 0.363287. 0.369 0.3705 0.350362 14.9095, 61.9902: -598.424 
10.35) 0.365033. 0.369, 0.369 0.357099| 14.9448 62.0428) -596.087 
10.4, 0.361036' 0.365, 0.357107, 





10.45, 0.361587 0. 365 0.363, 0.356761, 14.9754 62.082) -593.983 


10.48, 0.359294 _—O. Le 0.3655| 0.346381| 14. ad 62.0933! — me 





0.345225 O. 354. 0. cs O. sae 15. 230 





0.34575 0.344" 0.3478" 0.319654, 15.3271, 61.7607 


236 





11.02, 0.33769 0.347. 0.3455 0.320571 15.3595 61.6371 -556.753 
11.05 0.34775 0.348 0.3475 0.305703 15.3792 61.5464 -554.009 
11.1) 0.34575 0.345, 0.3465, 0.319041 15.4237 61.2993 -547.277 
11.15, 0.339472, 0.344 ~=—-0.3445 0.329916 15.4496 61.1269 -543.002 





61.0598 
0.34375 0.311671 15.4817. 60.8309 
11.27, (0.341, 0.34’ 0.342 0.312836 15.5042 60.5685 -531.504 


11.32; 0.3385 0.338 | 0.339, 0.303687, 15.5214 60.3219, -526.976 
11.37) 0.338 0.338 0.338 0.3088 15.5396 59.9972 -521.367 
59.7087, 


11.5; 0.327393, 0.342) 0.3385 0.30168. 15.5715 59.0513. 
11.53; 0.33675, 0.335, 0.3385, 0.295945 15.5762, 58.7547 


11.58 0.332 0.331) 0.333 0.297627, 15.5802. 58.26, -495.824 
11.62, 0.33025, 0.33' 0.3305 0.298848, 15.5807, 57.8242 -490.168 
11.67, 0.33075 0.331, 0.3305 0.28733 15.5787 57.4095 -484.98 
11.72, 0.321982 0.335 0.333, 0.297946 15.5723 56.8134 477.778 





0.33075 | 715.5521 
11.85. 0.326: | : ' 65.1028, 458.508 
11.88 0.3255 0.326 0.325 0.288328 15.5206 54.5887 -453.017 
11.93 0.32225 0.321 0.3235 0.295952 15.5006 53.9822, 446.706 
11.97. 0.32025 0.32 0.3205 0.290278 15.4845 | 
0.310783 0.325 0.3225 0.28485 15.464! 
12.07| 0.32125. 0.32, 0.3225) 0.284065 15.4443) 52.5621 
0.318 0.279104 15.4133’ 51.8835’ 426.193 
0.315 0.280521. 15.379 51.1738 -419.604 
0.3145 0.279268 





) 49.8256 -407.445} 

0.302035) : | Oz 15.2721; 49.1645 -~401.64 
12.32, 0.313 0.312 0.314 0.276071, 15.2439, 48.6745 -397.409 
12.37, 0.311725, 0.311 O.3115 0.27105 15.1979 47.9018, -390.847 





0.30425 





12.88; 0.29625) 0.296' 0.2965) 0.259108) 14.5258, 38.3712) -316.948 






12.98, 0.2965 0.297 0.296, 0.259581; 14.3731!) 36.4481) -303.158 


13.02; 0.29625) 0.296 0.2965! 0.261106; 14.2944 35.4777, -296.298 


13.07; 0.29525, 0.295, 0.2955! 0.258604' 14.2177; 34.5444) -289.761 
13.12) 0.29425 0.294 0.2945) 0.257524 14.136, 33.5615, -282.938 






















0.291, 0.2925) 0.255159 14.0524, 32.5674 -276.098 
0.291' 0.291 0.256724 13.9674 31.5686 -269.282 


Pea 





13.25 0.29325. 
13.28 0.2895 
13.33 0.28875. 
13.37, 0.286 
13.42, 0.27825 


0.270819 
| 0.28675 


0.28475. 





0.268647 


13.77) 
13.82. 


0.2815 


0.27825. 


0.28175. 


0.294 
0.288 


———— 


0.289, 


0.285 


0.276, 
0.286 
0.287, 


0.284 


0.283 
0.281) 
0.282 


OF27 7 | 


0.2925 0.254227 
0.291, 0.255965 
0.2885 0.254757 
0.287, 0.252279 
0.2805 


0.254556 
| 0.251856, 


0.28 
0.282) 
0.2815 


0.24294. 
0.243891. 
0.245671, 
0.240842, 
0.236148 


0.253727, 


13.8864 
13.7924 


13.7103. 
13.6258 
13.5407, 


13.4123: 


13.3131) 
13.1485. 
12.972, 


12.9008 | 
12.7956 


30.6257 
29.5444 
28.6086 


27.6542. 


26.7019 


20.5538 


19.806 


18.7092, 


-262.9 
-255.639 
-249.403 
-243.091 
-236.838 
-232.301 


-220.661 


-197.574 
-192.912 
-186.117 





13.98: 

14.03, 0.27575 

14.07, 0.27525. 

14.12, 0.27125 

14.17, 0.2685 
14.2. 0.260202 

14.25: 0.2705 


0.27525 


0.275. 
0.276 
0.275 
G7 
0.268 
0.272 
0.27. 


0.2755 
0.2755 
0.2755 
0.2725 
0.269 


0.233422) 
0.242176, 
0.239958 
0.239187, 
0.236942, 

0.27. 0.238606 
0.271: 0.235683: 


12.4725 
12.3711 
12.2499 
12.1521 
12.0488 
11.9546 
11.8616 
11.7978; 


14.3556: 
13.1314 


12.1496 
11.1188 


10.1839, 
9.26578: 
8.63929, 


-159.524 
-152.146 

-146.26 
-140.112 
-134.563 

-129.14 
-125.457 


| 0.241486: 
0.236542 
0.234821' 5.63709. 


4.66314 





0.265 0.223119 


14.52 0.2665 0.267 0.266 0.232163 11.1578 2.46955 -89.7857 
14.55) 0.264 0.263. 0.265 0.234215 11.0552, 1.49675 -84.2451 

14.6 0.26, 0.259 0.261 0.229486 10.9662, 0.656939 -79.4822 
14.65 0.26125 0.262 0.2605 0.224841) 0.1989 -74.6483 


10.8752! 
0.22973, ) 

_ 0.231728 
0.229509 
0.230824 


“1.21422 
-2.08819 
-2.81235 


-3.36911; -56.9031 


64.0397 
0.259 





14.82. 





10.5346 











; | 261. 10.443 4.21116) 

| 14.9) 0.25875; 0.258 (0.2595, 0.234805 10.3514) -5.05116) -47.6067; 
14.95; 0.250634 0.262: 0.26) 0.229902; 10.2808 -5.69531| -44.0672) 

| 15] 0.259) 0.258, 0.26) 0.228681 10.2198) 6.24946 41.0337, 

0.255! 0.254 0.256) 0.224209, 10.1308, -7.05498| -36.6409| 

| _-15.08 0.255! 0.226284. | 





0.252, 0.252, 


| 15.25) 0.25125) 0.251, 


15. : 0.25325 0.254: 0. 2525 0. 222344 
0.25175 0.251 


Te 0.253 0.252, 0.22406 9.45273 
15.43, 0.2505: 0.222328 9.37194 13.7989 0.49741 


-11.9926 


0.2525! 0.224592' 9.53021} -12.4109  -7.84087 


9.61875, -11.6303 


















0.24925 
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15.47. 
19.52) 
15.57) 
15.6) 
15.65) 
15.7, 
15.73 
15.78 
15.83, 
15.87) 


16) 
16.05. 
16.1| 
16.13: 
16.18 
16.22) 


0.245 

0.241 
0.24675. 
0.2475 


0.241354 


0.24775. 
0.2395 


0.234617, 


0.245, 
0.242. 


0.243 
0.24225 
0.24125 

0.2395. 
0.2375 
0.23325 


16.27; 0.228709 


0.232263 


0.23775 


4 0.231261. 


17.28) 0.22825 0.228 0.2285 0.211292| 7.39997, -30.0746, 80.7568 


0.224: 


17.42 


0.216849: 


17.63: 0.216592 


0.235) 
0.23025 


0.223451 
0.224561 


0.22417, 
0.232 


0.22925. 


0.221254 
0.219105) 


0.21853 


0.219276: 


0.22025 
0.21629! 


0.22025 







0.244 
0.24 
0.249 
0.247 
0.25 
0.247 
0.237, 
0.245, 
0.245 
0.241. 


0.243, 
0.242 
0.241. 
0.239 
0.237 
0.232; 
0.235 


0.237. 


0.234 
0.229 


0.232 
0.232 


0.229 





0.224 
0.219) 
0.221 
0.22) 
0.221) 
0.22) 







0.246 
0.242 
0.2445 
0.248 
0.2485 
0.2485. 
0.242 
0.241. 
0.245) 
0.243 


0.221846 
0.223764 
0.221479 
0.223546 
0.225561 
0.224518 
0.222639 
0.217851. 
0.222116 
0.22157. 
0.217032, 


, 0.215394 


0.243 
0.2425 
0.2415 

0.24 

0.238 
0.2345 
0.2335 


0.217788 

0.217489 

0.219784, 
0.218036: 
0.217613! 
O219722) 
0.217628 


0.216784 
0.221265 
0.214249 
0.210059 


' 0.212353) 
0.214182: 


0.209509 ; 
0.211549. 


0.197082, 


0.227 


0.21308 
0.215003 
0.213083. 


0.210691 


0.2295: 0.211393, 


0.226, 0.213762 





0.224 
0.224 


0.207591, 


8.14553, 
8.10924 
8.06691 | 


7.96579) 
7.93864 
7.91343 
7.87804! 
7.82897 | 
7.75109, 
7.72595, 
7.69929 


7.61774 
7.59085. 


7.4396, 
7.36258 


7.32487 








-29.7689 








9.29579 -14.4631 2.99918 
9.23061 -15.0296 5.97171 
9.18235 -15.4477 8.15835 
9.11199 -16.0553 11.3258 
9.04562, -16.6266 14.2938 
9.00208 -17, 16,2282 
8.93832 -17.5451, 19.0416 
8.89227 -17.9374 21.0602 
8.84675 -18.324 23.0434 
8.78493 -18.8473 25.7194 
8.66191) 

8.5885 -20.499, 34.109 
8.52181 -21.0563) 36.9232 
8.45669, -21.5989| 39.6546 
8.40054 -22.0652, 41.9946 
8.34474 -22.5272 44.3066 
8.29334) -22.9515, 46.4229 
8.25859 -23.2375 47.8452 








79.3324 


-30.3623, 82.0936 


-30.6512 


0.209316; 7.34617; -30.4882| 82.6772 


83.4307 


0.224) 0.209827) 7.30123) -30.8317! 84.2628 
0.2215} 0.20812, 7.28095) -30.9861) 84.9729 


0.22 


0.20787 


0.2205; 0.210046 


0.2205 0.208276, 7. 
2 eee eee Se 
0.2205 0.204003 568 
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7.25508 | 


-31.1826 


85.8738 


7.23725) -31.3177, 86.4917 


7.20556, 


-31.5 















0.21775 0.217, 20.2185 0.20013. 7.17184 -31.8103 88.7315 
17.77, 0.211413, 0.217, (0.217, —-0.20024 7.13551 -32.0828 89.9648 


| 17.82) 0.213583) 0.218, 0.2175 0.205248 7.11263 -32.2539 90.7376 


17.85: 0.215) 0.214 0.216 0.198484 7.09569. -32.3804 91.3071 
17.9, 0.211096. 0.215 0.2145 0.203788 7.06234 -32.6287 92.4226 


17.95 0.211666 0.216 0.2155, 0.203498 7.04768 -32.7376 92.9103 
17.98) 0.206823 0.2115 0.201969 . -32.8581, 93.4489 
18.03, 0.21375 0.216 0.2115 0.197731, 7.02182 -32.929, 93.7652 
18.08 0.210987 0.212! 0.214, 0.206961, 6.99037 -33.161| 94.7967 
18.12; 0.207111, 0.2115, 0.198833. -33,2187) 
18.17| 0.206895, -33.3364 













































6.96649 










0.214. 0.2125, 0.194671 6.95071. 

) 
18.3) 0.20656 0.21. 0.21 0.199679 6.91796 -33.6911, 97.136 
18.35] 0.208084 0.214. -—=—0.212, 0.198251 6.905 -33.7854 97.5491 


18.38, 0.214 0.214 0.214 0.187899 6.8866 -33.9189 98.1326 
18.43, 0.208868 0.212 0.213 0.201602 6.83809, -34.27, 99.6638 
18.47) 0.207222 0.212 0.212: 
18.52; 0.207609 0.211, 0.2115, 0.200326 6.80715 

0.2095 


18.6; 0.205721. 0.207. 0.208 0.202162, 6.75851 
0.207848 ~ 0.2095, 0.202044 34.8881) 
0.212! 0.187785 -34.9621. 
18.73. 0.20958 0.215 0.2135 0.20024 6.69883 -35.268 103.968 
18.78, 0.20914, 0.213, 0.214 0.20042) 6.68238, -35.385 104.469 





18.83) 0.206934. 0.21. 0.2115) 0.199303! 6.66712) -35.4932' 104.93 
18.87, 0.20735 0.21 0.21) 0.202049 6.65385 -35.5871. 105.33 
18.92' 0.20658 0.211 0.2105' 0.198239, 6.6447 -35.6518; 105.605 


18.97) 0.20732 0.212 0.2115, 0.198459' 6.63039: -35.7526 106.032 
| 0.197422; 6.61529, -35.8589 106.481 

0.201459, | 0.193876 6.59822, 

/ 0.190251) 6.58547, 


19.13' 0.198786: 0.193359 6.56334’ 

| 0.193579! 6.55433, 
19.22 0.199686: 0.2035! 0.192558) 6.54371 
19.27, 0.19949 0.201. 0.202; 0.195469. 6.53205, 


19.32, 0.200434, 0.206. 0.2035, 0.191801) 6.52552, -36.4856 109.108 








19.35 0.203 0.202 0.204' 0.192214; 6.51158) -36.582; 109.508 
0.203) 0.2025! 0.191444] 6.49429, -36.7014) 110.003 
| 19.45, 0.201308, 0.201 (0.202 0.200923| 6.48228) -36.7841, 110.344 
0.201 0.201] 0.190713, 6.48167] -36.7882) 110.36 


©} NO 


0.197781 0.202; 0.2015) 0.189843 6.4709 -36.8622;' 110.66 
19.58, 0.197108! 0.2) 0.201! 0.190325 6.4585: -36.9471| 111.014 


| —-- 19.62] 0.195997) 0.199’ 0.1995, 0.189491' 6.44798, -37.019, 111.309 
0.195986. 0.199 0.199| 0.189959| 6.43796, -37.0874 111.588 
0.198506, 0.202) 0.2005) 0.193018 6.42873, -37.1502) 111.844 
0.196728 | 0.198 0.2) 0.192184, 6.42039! -37.2069' 112.075 
| 19.8) 0.196416) 0.201] 0.1995] 0.188749, 6.41352 -37.2534, 112.264 


0.198973 0.203 0.202; 0.19192 6.40201) -37.3313) 112.579 
19.88) | 0.203: 0.203; 0.188606 112.867 





19.93 0.200294 0.205 0.204 0.191883 6.37727 -37.4983 
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19.97 0.199847 0.203 0.204 0.19254 6.36488 -37.5817 113.589 
20.02 0.197431 0.201 0.202 *0.189293. 6.35418 -37.6535 113.877 
20.07; 0.20025 0.2, 0.2005' 0.1861 6.34234 -37.7329 114.196 

0.197! 0.196 0.198 0.185742 6.32188 -37.8698 114.743 
20.15| 0.19573 0.2; _0.198' 0.18919, 6.3057 -37.9779 115.174 
20.2) 0.194198 0.196 0.198 0.188594 6.29637 -38.0401| 115.422 
20.23; 0.192966, 0.197, 0.1965 0.185397, 6.28842 -38.093. 115.632 
20.28] 0.195754 0.2 0.1985 0.188763 6.27775 -38.1639 115.913 
20.33) 0.19325, 0.191) 0.1955 0.185646| 6.26796. 116.17 


20.37, 0.190991 


6.25738 ' 


-38.2288 





0.186471, 


20.42; 0.191301: 0.194 0.194 0.185904) 6.25113' -38.3401' 116.609 
20.47 | 0.191, 0.19, 0.192; 0.17632, 6.24372, -38.389, 116.802 
20.5} 0.187976, 0.19} 0.19, 0.183928 6.22368 -38.5209 117.319 


0.181734 
_ 0.178716. 
0.173045, 


0.179872 
0.183 0.176845 
0.1825) 0.173991 
0.181! 0.190646 
0.1795; 0.170544 
0.176 0.178184 
0.1735' 0.175198. 
0.1755, 0.17222. 
0.181; 0.17195 
0.1825, 0.179613 


0.181948 
0.18075 





21.25 0.173233 
21.28) 0.17386 
21.33) 0.178317, 
21.38, 0.181704 


0.179307, 


6.16446 


6.14156. 
6.13516 


6.13274 
6.13077. 
6.12314 


-39.1135 


-39.1261 | 


117.461 





119.399 
119.557 


119.617 
119.665 





21.47) 0.174519. 0.176,  0.1775' 0.170058 6.1201 -39.1941) 119.922 
21.52 0.177286 0.176. 0.176. 0.179857. 6.11485 -39.2274 120.047 
21.55\ 0.175317. 0.174 0.175' 0.176951 6.11786 -39.2083, 119.975 
| = 21.6! 0.177031: 0.18 0.177, 0.174092] 6.11976 -39.1963 119.93 
0.176) 0.178, 0.17138 6.11636! -39.2178, 120.01 


21.68, 0.177826 0.178 0.177| 0.178477| 6.11206) -39.2449 120.112 
21.73| 0.17623, 0.176; 0.177} 0.175689, 6.1128 -39.2402| 120.094 


21.78) 0.179169, 0.185| 0.1805) 0.177838) 6.11219 -39.2441| 120.109) 
0.180929 0.181 0.183 0.178788 6.11069| -39.2535! 120.144 





21.87} 0.181689 0.184) 0.1825) 0.178566, 6.10829, -39.2686, 120.199 
21.9! 0.178315, 0.178. 0.181; 0.175944 6.10481 ; 
21.95| 0.178661: 0.18 0.179) 0.176984, 6.10218; -39.3068! 120.341) 
| 22) 0.180152 0.18 0.18) 0.180456 6.10033! -39.3184, 120.384 
| 22.03} 0.179575 0.179' 0.1795| 0.180224; 6.10066; -39.3163) 120.376 





22.08, 0.179019, 0.18 0.1795; 0.177557) 6.10137; -39.3119 120.36 
22.13, 0.178542) 0.178, 0.179 0.178626 6.09978 -39.3218 120.396 
22.17; 0.175836, 0.175 0.1765) 0.176007! 6.09987) -39.3212 120.394 
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22.22 0.177782 0.18 0.1775 0.175847 
22.25 0.176492 0.175 0.1775 0.176975 
22.3, 0.175798 = 0.177 0.176 0.174394 
22.35 0.178827 0.18 0.1785 0.177979 
22.38 0.1773 0.176, 0.178, 0.177899 
22.43. 0.175786 0.176 0.176 0.175358 
22.48, 0.17075 0.169, 0.1725 0.176521. 
22.52] 0.172624) 0.173. 0.171, 0.173873 
22.57, 0.17208 0.169 0.171 0.176241 
22.62, 0.173276, 0.172. 0.1705, 0.177327, 
0.177205 

0.1745, 0.174709 

0.17345 

0.173438, 

0.174741 

0.174774 

0.16775) 0.176036. 
0.169993, 0.17348 
O.17222) 0.177161 

1), 0.171571; 0.174713 
23.13. 0.16325 0.161 0.1655 0.178427 
23.18. 0.16775 0.17, 0.1655 0.175746 
23.22 0.170398 0.167, 0.1685 0.175694 
0.17113. 0.179389 
0.174306 0.176918 
0.16825 0.178254 
0.163564 

0.16575. 0.17846 
0.167386 

0.177324 

0.16475 0.1645 0.19309. 
23.62, 0.1665 0.167 0.166 0.17799, 
23.67, 0.167843, 0.163 0.165' 0.175528 
23.7| 0.166207 0.161 0.162 0.175621) 
23.75, 0.164 0.165 0.163 0.179344 


0.163, 0.180484, 


6.10006 
6.09799 
6.0985, 
6.09702. 
6.09613 
6.09676 
6.09632 
6.10227 
6.10355, 
6.1078. 
6.11191 


6.14007 
6.15452, 
6.16209) 





6.23805: 
6.24839 

6.25527. 
6.26366. 
6.27727, 


-39.3201 


-39.3328° 


"39.3297, 
-39.3388 





-39.3443 


-39.3405 


-39.3432 
-39.3066 
-39.2987) 
-39.2727 
-39.2476 


-39.2109° 





-39.0951 
-39.077 

-38.9899 

-38.9443 


-38.8038 
-38.7341 
-38.7181 





-38.4906, 
-38.4291 
-38.3882. 
-38.3385 
-38.2578 


120.39 
120.436 


120.425 


120.458 
120.478 
120.464 
120.474 
120.342 
120.313 

120.22 


119.523 
119.216 
119.055 


118.541 


117.472 
117.259 
117.117 
116.945 





0.163 


0.177977 


6.30246 


-38.1088 





0.163, 


6.41125) 


-37.4687, 


0.163, 0.197011| 6.42114 -37.4107| 113.763 


0.163 

0.16525: 0.166, 0.1645] 0.185604) 6.44978  -37.243) 113.193 

0.16. 0.158: 0.162] 0.179409 6.46684 -37.1433| 112.854 
24.37 0.161, 0.162 0.16' 0.186678 6.48304 -37.0486 112.533 
24.42 0.162 0.162 
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0.162. 0.18404 6.50438 -36.9241) 112.112 








24.45 0.16125 0.161 0.1615 0.183937 
24.5 0.1595 —0.159 0.16 0.181387 
24.55 0.1605 0.161 0.16 0.184968 
24.58 0.158 0.157. 0.159 0.186053 
24.63, 0.1585 0.159 0.158 0.183407) 
24.68 0.15075 0.148 0.1535 0.18328 
24.72, 0.154 0.156, (0.152) 0.184221 
0.15375 153 
24.8 0.156 0.157. (0.155) 0.185046. 
24.85 0.15775. 0.158 —0.1575| 0.182414. 


0.194527, 








25.07 0.162 0.186324, 
25.12: 0.161. 0.159 0.163 0.189975 
25.17) 0.156 0.155. 0.157, 0.184943 
0.15725 
0.161363 0.173589 
0.1525 0.18361, 
0.15475 
25.42, 0.1515 0.15. 0.153 0.184481: 
25.47 0.1545! 0.156 0.153' 0.18794! 
25.5 0.15675 0.157. 0.1565: 0.185306 
25.55) 0.154! 0.153) 0.155' 0.188781 | 


6.52262 -36.8179 111.752 
6.54131 -36.7091' 111.385 
6.55926, -36.6046 111.033 
6.57925 -36.4885 110.641 
6.60206 -36.3561' 110.196 
6.62224 -36.2392 109.803 
6.64847; -36.0873 109.294 
6.67273. 

6.69495 -35.8185| 108.394 
6.71807 -35.6851, 107.948 
6.73762 

6.76764, 

6.79225 

6.81256. 

6.83557. -35.0089 105.697 
6.85253 -34.9116 105.375 
6.87496 -34.783 104.949 
6.89729 

6.92192: 

6.95031. 

6.97451) -34.2142 
6.99898 -34.0748, 102.616 
7.02384' -33.9334, 102.152 
7.04894) -33.7907; 101.685) 
7.07029| -33.6694) 101.288 


-33.5224 





7.09621) 





0.148 
0.154 


0.148 
0.156 


0.148: 
0.152) 0.188995 
0.156 0.189947! 
0.1545 0.172927 
0.154; 0.187583 
0.154, 0.190997 
0.1535, 0.191923 
0.15, 0.191634 
0.1495 0.192448 


25.68 


0.1535 

0.15375, 

25.95! 0.148 
26. 0.15125 





0.146: 
0.153. 


7.12625! 
7.15684 
7.18261 


-33.3521 
-33.1789 
-33.0331 


99.6872 
99.2127 





0.1515; 0.192105 


26.08 


0.153: 0.154 0.152; 0.192966 
0.158 0.156, 0.190252 
0.1535. 0.152 0.155! 0.193678 
| =. 26.22} 0.15575, 0.157, 0.1545) 0.196969 
| —-s- 26.25) 0.15325 0.152; 0.1545) 0.190631 
| 26.3) 0.152 0.152 0.152, 0.191589 






-32.7036 
7.2958' -32.3948 97.1434 
7.32724, -32.2179 96.5721 
7.3864, -31.8857, 95.5008 
7.41489, -31.7259| 94.9866 
7.43851) -31.5936; 94.5612 
7.46696; -31.4343, 94.0501 
7.49604; -31.2717) 93.5287 
7.52232, -31.1249)| 93.0584 





| 153, | eo | .97| 92.5631 
(26.38, 0.1515' 0.151, 0.152, 0.194589, 7.57867, -30.8105| 92.0536 
26.43' 0.1495 0.149, 0.15) 0.191835) 7.60866) -30.6435| 91.5206 
26.48! 0.1475, 0.147 0.148! 0.191504; 7.63803 -30.48} 90.9997) 
0.149 (0.148) 0.192344) 7.66844 -30.3109, 90.4614 
0.14975 0.15 0.1495] 0.191986) 7.69864, -30.1431| 89.9281| 
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0.155, 0.1525 0.19286 
ee ee SS eee 
0.151. 0.153! 0.192594" 





-29.9822 
-29.8338' 


89.4171 
88.9466 


7.72764 
7.75439 





26.7, 0.14575 0.144 0.1475 0.193506 7.78208 -29.6805 88.4608 
26.73. 0.147, 0.148 0.146 0.184684 7.81453 -29.5008 87.8924 
26.78 0.1465 0.146 0.147, 0.196469 7.84006 -29.3597 87.4464 
26.83 0.1535. 0.156 0.151| 0.191202 7.87379 -29.1733 86.8583 
26.87, 0.15225. 0.151| 0.1535 0.194573, 7.89915, -29.0333, 86.417 
26.92 0.151, 0.151 0.151| 0.191857. 7.92753| -28.8768 85.9242 
26.97, 0.14725. 0.146, 0.1485! 0.191573, 7.95484 -28.7263 85.451 

27, 0.14825, 0.149. 0.1475, 0.188831| 7.98437 -28.5638\ 84.9404 

0.146 0.145) -0.147| 0.186162; 8.01131! -28.4156 84.4754 

0.146, 0.187112, 8.03789 -28.2695 

0.1455) 0.145 0.146) 0.192852! 8.06468! -28.1225 83.5574 
27.18, 0.145 0.145, 0.145) 0.186456 8.0958 -27.9517, 83.0236 


27.22} 0.1435, 0.143) 0.144) 0.183785, 8.12296 -27.8029 82.5588 


Zier 0.1445. 0.145, 0.144, 0.181145 8.14926 -27.6589 


















27.32, 0.1435) 0.143: 0.144, 0.184579 8.1731 -27.5284, 81.7032 
27.35, 0.14675) 0.148 0.1455' 0.187929 8.19974, -27.3828 81.2501 
27.4. 0.14875, 0.149. 0.1485 0.188866 8.22635 -27.2375 80.7984 
27.45) 0.143, 0.141) 0.145, 0.186224 8.25218, -27.0965, 80.3607 
0.14175, — 0.1415 0.785935 | 
0.142 0.186828 
0.151; 0.1465: 0.18051 
0.1435 0.184039. : | 
27.67, 0.136 0.136 0.136, 0.181268 8.38736, -26.3607, 78.0839 
270 0.136 0.136: 0.136: 0.176159, 8.41592) -26.2057, 77.6057 





















0.135, 0.179557, 8.44117 


-26.0687' 77.1839 
0.133, 0.176861; 8.46939] -25.9158 76.7132 


0.134 0.180183 8.49707; -25.7658 76.2524 
27.88) 0.133) 0.132 0.134, 0.183483: 8.52516, -25.6138, 75.7856 
27.93 0.132 0.132) 0.132! 0.180683, 8.55644 -25.4447 75.267 
27.97: 0.1335, 0.134 0.133: 0.183921' 8.58648 -25.2824 74.7697 











0.1315) 0.18352. 
28.07, 0.13425 0.136. 0.1325 0.180673 8.65013, -24.939, 73.7193 
| 28.1) 0.13675 0.137, 0.1365| 0.186349 8.67846! -24.7863 73.2529 






0.13925 


28.2, 0.1445 0.146 0.143 0.180864 8.73549 -24.4793) 72.3169 
28.23: 0.133 0.133, 0.1395) 0.181917, 8.75746 -24.3612 71.9575 







| -24.2029' 

28.32) 0.13025 0.129 5! 0. -24.049: 
0.13425) 0.136 0.1325' 0.199979; 8.84678, -23.8818 70.5014 
28.42) 0.1345! 0.1347 0.135] 0.184865 8.88593) -23.6719, 69.8654) 
| = 28.45} 0.1325 0.132 0.133) 0.185664; 8.91584) -23.5118) 69.380 
| 28.5| 0.13875 0.141 0.1365) 0.18521, 8.94729, -23.3435; 68.8717 
| «.28.55) 0.13875 0.138. 0.1395] 0.188468) 8.97468) -23.1971| 68.4293) 
0.13275 0.131| 0.1345! 0.185666, 9.00389; -23.041| 67.9583) 
0.1355 0.137, 0.134; 0.182817) 9.03488 -22.8756, 67.459 
| 28.67] 0.13625. 0.136 0.1365' 0.183666 9.0625] -22.7283| 67.0161) 
28.72) 0.1345, 0.134) 0.135] 0.195314] 9.09008) -22.5813) 66.574 












o 


~ | GO| GW 






[28.77| 0.13925) 0.141) 0.1375] 0.186296 9.12533] -22.3936' 66.0099 

0.142’ 0.1415] 0.171535, 9.15251 
28.85 0.139. 0.138 0.14) 0.187117) 9.16967 -22.1578 65.3023 
28.9 0.186742: : 
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28.93 




















28.98 
29.03 
29.07 
29.12) 
29.17 

29.2. 
29.25. 
29.28. 
29.33 


0.14125 
0.1385) 
0.14075 
0.14125. 
0.1425, 
0.1385. 
0.1415 
0.1445 
0.142, 
0.1425. 





0.13475. 


0.14325! 





0.143 
0.137. 
0.142 
0.141, 
0.143. 
0.137 
0.143 
0.145 
0.141. 
0.143. 


0.1395 0.183929 


0.14 
0.1395 
0.1415 

0.142! 
0.14 
0.14 

0.144 

0.143. 

0.142 


0.190849) 

0.18799 
0.187619 
0.178864 
0.188305 
0.189093 | 
0.192311, 
0.191815, 
0.188987 ' 


| 0.188421 


9.22604 
9.25038 


9.28014 
9.3069 


9.33309, 
9.35356 
9.38151 
9.40813, 
9.43478 


9.46247) -20.6085 60.6864 


9.48822 
9.51289 
9.53807 | 


9.56299, 


9.61642. 


9.69801 
9.72564 


-21.8584 
-21.7293, 
-21.5716 
-21.4299. 
-21.2914 
-21.1831; 
-21.0355, 
-20.895 
-20.7544, 








64.4063 
64.0205 
63.5496 

63.127 
62.7141 
62.3921 
61.9531 
61.5358 
61.1188 



































9.7702) 
9.79638 
9.81977. 
9.83921. 












-18.6349. 
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O IDKEST INVK | INVKAVE DKBAL 


4.00E-02 2.50E-02 ' 2.50E-02 1.25E-02 | 4.07E-04 
COED : 5.00E-02. eee | 375E02| SOs SEO 
0.13) 0.127; a Bonz? | 8.85E-02 | 1.22E-03 
0.17 0.149" 0.149 0.138 . 1,05E-02 








71.00E-03 
















0.3, | 0.277 0.277 me Once) 6.94£-02 

2 | eae sz 

0.33. | 0.156 0.156 0.2165 

i Se 0.195. | 0.195: 0.1755. 8.83E-02 

| 0.42,—“‘<i*‘U;”;*#é«« I 875 ; 0.185 | 0.19 | 9.74E-02 

eae ee a ee a eee ee 

0.47 | 0.153 0.153 0.169 0.115662 

0.5 | 0.254 ! 0.254 | 0.2035. _ 0.142348 

0.53 | 0.295 | 0.295 ' 0.2745 ' 0.165208 

0.58. 0.191814 9.00E-02 0.1925 0.191128 

| | | | | 

Bhs ae 0.492 0.492 ta Olea 0.216743 

0.267. i 0.267, _ 0.3795: 0.24122 

0.341. 0.341 0.304 | 0.239309 

0.296 0.296 | 0.3185. | 0.252867 

0.285388 : 0.286 0.291, | 0.279165 

083) —i=SC“(‘é‘iOSSAS (O43) C«S~C*‘i TAB C;«O«306373 

0.87 0.352 | 0.352 0.4475 0.329028 
0.347918) | 

0.97, 0.34304 | 0.331. 0.3445: 0.341581 

1 | 0.33175: | 0.332 | 0.3315 _ 0.368787 

f 1.05; s,s. 388536, | 0.401, 0.3665. 0.398108 

1.08 | 0.435336. | 0.48 | 0.4405 . 0.430173 

1.13 0.562 | 0.562 ! 0.521 0.474297 

Ee 0.50215 | 0.51, | 0.536 | 0.494299 

0.529673. 0.562. | 0.536 ' 0.523347 

0.542. | 0.556414 

po 95390 OS (63S. __ 0.58578 

| 1.33, | 0625634, | 386) T6205, | (0.6204 

p38 Cd eB4I75, | 7B] | SSS) (0.652849) 

[142i CdS Cts] SSC~*d;S~Ci‘éOWSIS| ~~ | ~C(aB|SC*« «087466 

L147} 0.711127] | 0698) | ES; «(0.724254 

Pp aS] 716652094 9G |«(0.759955. 

Pass] T7075) tz) 0.703 «0.796739 

Se a x, ee OZ 

Pes] CT 79st 794.765) «(0.884084 

pes] Cs] 082328, | 833) s| 8135) «(0.8 98671) 

| t72|—Ssi«di=(80525, Ss ~SCtSS,CS*S*C*«dE*CC‘wiw NAB, CL: «C0.9193777 

177] sid} Sis) SCC]; 0.929089) 

rte) —SCtsié‘(L:SC‘(ia KS CS~*dYSC(‘éB)C|CAST (0.93751) 

D185) SCS~*d:~Ct 8852S. 0.8495. 0.943507 

0.835 0.947049 


0.8235 —Ss=*d;~«9 1819 


0.85 0.961484 


0.83075 | 0.838' 


0.856 0.862 
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202 ' 0.88593 0.842 0.852 0.963791 







2.07 _ 0.86525 | 0.873 | 0.8575 0.969771 
2A, | 0.873 0.873 0.873. | 0.973291 

| 2.15, ——”s=«*:«Ci. 895193 | 0.849 | 0.861 — 0.975579 
Ne 0.87075 0.878 | 0.8635 | 0.969293 
2.23 | 0.851. | 0.842 0.86 0.950745 
27 0.85925 | 0.865 - 0.8535 | 0.970175 
ona2 0.86575 | 0.866 0.8655 ' 0.96632 

0.863 | 0.862 0.864 | 0.953879 

| 0.959808 

| 245° 0.851251 | 0.852 

Pe 

2s ae 

Ee as 


rae 











83. 0.879449, | 839 | 

0.84725 0.85. 0.8445 
2.92! | 0.85525 | 0.857, 0.8535 | 0.936051 
297) 0.875099 | 0.835 | 0.846 0.944298 
3.02 | 0.853 0.859 | 0.847" 0.941523 
3.05 | 0.786 0.786 0.8225 0.943611 
3.1: 0.82125 0.833 ' 0.8095 0.943288 
3.13 0.83225. | 0.832. 0.8325. | 0.942932 
3.18 0.84325 | 0.847 0.8395 0.942558 
3.23 0.8425, | 0.841 | 0.844 0.944598 
3.32 0.856 | 0.855, | 0.857. 0.94737 
3.35 0.86025, 0.862, | 0.8585 | 0.952992 

| 8.4 ~—~*~*«*™:sCO 8755108 | 0.832 0.847. 0.946323 
3.45 0.85075. 0.857 "0.8445 ' 0.945801 


3.485 0.876903 0.838 | 0.8475: 0.94521 










0.874305. 





| 0.853896 

3.67. | 0.8245 0.831. | 0.818 | 0.934123 

3.7, 0.84825 | 0.854 0.8425 0.950592 
0.871621: | 0.827 0.8405 - 0.947364 
0.85775. 0.868. 0.8475. ' 0.949048 

3.83 0.885212 | 0.849 0.8585 0.948136 

3.88 
P3892) aT az aa (0.943763) 
| CST C‘dT 863362) | 85] T8370. 94.4086 
4.05; —s~C*«Ys«Ci3975, | Sta] «SCiIS| «| «0.946 707) 
Pt 0.847250 a7] 0.8475) | (0.939379) 
| 4.13) fgesg01 826) | 88650944203] 
p 4g) | 0.834257 0837, 0.8815, | (0.949035) 
[423,—C—~=“‘;‘sSO*é‘ASC*~*~‘($RUSC#O‘OS3C| BMS, | (0.943975) 
[4277 ~C—“‘;:~=C SCC SCdTCSCCt BT (0.948527) 
0.944393 
437, ——s=C‘ES B30 C“‘SSOCWB27] | B34, (0.942675) 
Do ee oes) oss) oss) 0.997297 
[445 —~C*‘“‘“CES*COtOO3ASO”O|||© | 0835) B84 «0.941566) 

4.5 | 










0.84825 0.943681 
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sl a a 


—= 





4.58. 0.876381 0.834 0.844 0.951142 


4.63) 0.8325 | 0.832 i 0.942661 
4.67. 0.83875) 0.841 = 8365 0.946321 


4.72) 0.835 | 0.833 0. Sen) 0.943641 

4.77) | 0.836 0.837 | 0.835 | 0.949444 

4.8 0.831) 0.829 0.833) | 0.946462 

4.85 0.8335 0.835 | 0.832 | 0.943391 
0.83275! 
















0.8315 0.941563 






0.82725) 





0.81925. 0.817; 0.8215 0.933746 
| WS aes 0.814 | 0.813. ! 0.815. | 0.929678 
37 0.8055, 0.803 9.925088 
5.2, 0.7955 | | 0.793, 0.798 

5.25 0.78925 0.788, 0.7905) aI aodera 

5.33 0.77675 O. ‘776! | __0. 7715, 0.893782 

5.38 | 0.773. 0.772. 0.774 0.877157 

5.42 | 0.7675, 0.766. | 0.769 0.884928 





SA! 0.75075 0.75 0.7515 | 0.86869 





0.71275 0.712 0.7135) 
a 0.70525 | 0.703 O. TOTS. Ol eoanea 














| 6.28 sd 0.636 0.634 0.638 | 0.753317 
6.33. 0.63025 0.629 0.6315 0. (ee 
6.37 0.6215: 0.619 | 0.624 ———s*sdS:«C« 74140 






0.613: 0.616. 0. sa005 


[645° ~—=«|~=0.60925'=SS=«d~SC«t 0 | _ 0.6105 
[65 | 0.6065; 0.606 0,607 0.729788 
655, ~—«| ~ 0.605251 ——S=S~dY~SC*C*« BO 0.6055, 
1 0.597 0.601 | 
en C2ec a os 925 0.591 0.594) 
[s.e7[ | 0.ss8[ osx osee] Po 7osaer 
[67a] osa7s; ose] sass, 0.706204 
Eo Graze 1.6. 58025 0. 579 0.581 5! 
a a CS a CK ac ST 
a a CE 
6.93) ~+| ~o6eos) =| ~—Cioeea]—SOSS=~d~C(‘éO STC CO 676446 
[6.97| 0.58525) ossa) | 0.8865 0.669296 
ee ee osee_ osaus 
[er ossizs[ oss asst] 0.972148 
p74] | 055025. ~~«|~SCOiSBSC~*~<S=“C*‘ia ‘OB SC*C*‘déC«O«w 69865 
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7.15 | 0.54625 0.545 | 0.5475 . 0.668784 


7.18 0.5435 | 0.543 __ 0.544 ' 0.66403 
723 0.54375 | 0.544 0.5435 0.673964 
7.28 | 0.54025 0.539 / 0.5415 | 0.660589 
7.32) | 0.536 | 0.535 | 0.537. 0.655786 
7.37 0.535 | 0.535. | 0.535 0.653427 





7.4) 0.529 0.527. 0.531 0.652267 


Oi5Zz2 


0.51825, 
7.63, 0.515 0.514 | 0.516, 0.634256 








7.8) | 0.503 0.503 | 0.503 0.635615 

















7.83 0.4985 0.497 | 0.5 
; | 0.495] d(C 
7.97 0.48775 | 0.487 0.4885 0.610018], 
8.02. | 0.48475. | 0.484, 0.4855, | 0.60515) 
8.07 0.4825 0.602734 
0.48025 | 0.48 0.4805 0.60154 
8.15 0.4785. ! 0.478 i 0.479 
8.18. | 0.47425 | 0.473. | 0.4755 ' 0.597887 
0.474 0.4735. 0.592999 
0.47025 | 0.469 | 0.4715) 0.583194 
8.32 | 0.46675 | 0.466 | 0.4675 | 0.585642 
0.4675. 0.468 0.467) 0.58441 
ar: F ee ee 0.459 | 0.4635) 
ee ee en 
0.45225. 0.451. | 0.4535 0.572134 
aE 0.45025, : 0.45, "0.4505 | 0.577047 
8.58 | 0.45 ! 0.45. | 0.45. | 0.566032 
0.44625 | ; | ; | | 0.563575 
8.7 0.44125 0.438 0.4445 | 0.557398 
8.75 | 0.44325 0.445, | 0.4415) 0.558626 
8.8 0.439, | 0.437, 0.441, 







0.552521 





ee a? ! 
0.429 0.427 , 0.431. | 0.545144 
[802 eaarrs0.eae,0.azs|  o-saanes 
eee res | toa] osaaoee 
L313} tosis, Toate, oat9) 0.537888 
918) | (OIG, [0.816 [0.46] 0.882978 
sa 0.41675: Totti eats; ——SCSC=*d;~«W 31796 
(9.27) =| «was SC~dYS=C(‘éwCdY~C«A ISS) (0.5 35592 
$b aie | oat} one) To esoeae 
0.407 ; 0.525655 
[__9.4[—*(| 0.40775. aos SdC« 0.524456 
[9457 SSC«dS~Cit OS, SC~*dSSC‘ 407, 0.521998 
9.48 0.406 
P9853 CT Oa T ORT OS 51831 
| 9858) | 89875, 897] CO 
394, 0.3955, 
.394 . ____0.394 
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= a / 0.394 0.394 0.394 2 0.507215 





9.75 | 0.391 | 0.39 | 0.392 0.50849 
9.78. - 0.38475 0.383 ' 0.3865 | 0.507276 
9.83, 0.3875 0.389 0.386 —_—|:* 0.502336 
9.88 0.38975 0.39 0.3895. | 0.49736 
9.92) 0.3885. 0.388 | 0.389 0.501113 
9.97 0.3895 0.39 | 0.389 0.502364 

10 0.3885 0.388 0.389 ' 0.501093 
10.05, 0.385. 0.384 0.386 | 0.498571 


a a CO 


0.38275, 





10.18; 0.3795 0.379 | 0.38 | 0.489736 























10.45 | 0.364 0.365 0.363 0.484703 
0.36375 : 363. | | 0.477176 
10.57. 0.3615 0.361 | 0.362, | 0.47591 
10.62 | 0.3565, | 0.355 - | 0.358 ' 0.470893 
10.67 ) 0.355 | 0.355. | 0.355 0.472151 
10.7 | 0.358 | 0.359 | 0.357 ' 0.469651 
10.75: 0.35675. | 0.356 ' 0.3575. ' 0.470874 
10.8 0.3545 | 0.354. | 0.355 ' 0.459603 
10.83. 0.354 | 0.354 , 0.354 0.46458 
10.88 0.3525 | 0.352 | 0.353, 
92 0.351, ~SCi.851S)S~*|=C AB 327 
0.458238 
1 1-02 0.34625, 0.347 0.3455. 0.459481 
11.05, | 0.34775 | 0.348 0.3475) 0.445704 
11.1 0.34575 | 0.345) | 0.3465' 0.458164 
11.15) 0.34425 : 0.344 i 0.3445, 0.46938 
1112. 0.34325 | 0.343 0.3435. | 0.454345 
11-234 0.34375 : 0.344 0.3435. 0.453053 
DE EE EE ee ee ee 
11.37 | 0.338 0.338 | 0.338 
11.4, 0.3365. | 0.336 0.337. | 0.447882 
11.45 | 0.33525 | 0.335. 0.3355 0.446588 
11.5: 0.34025 ! 0.342 | 0.3385 0.444045 
0.438963 
0.333, —SSs«|~=C« 44015 
(0.33028, ~~S~SOC«Y:=SC(‘zaS SCT «COS CCSC*d;« 3G 
-_11.67,—~«|~-0.s3075,—=S=s=~=“‘~S!*~i <i] SS~S*~*“(SC*‘ia BOS «| «(0.430062 
P1472) ~Ss|~Si0.334)S*~*~=“~*~SC‘(w SS, CSC SCSCSCSC*dt:« 44008 
EGlit 7s mone | os27 | osai| sia 2s674! 
[its SSC*Y«S 3075" SS~*«dS=C(‘( WS SZ,~~~ «| «0.8295] SSCs «0 429868 
ea is> O26 sz, 01828, 0.434788 
0.325, 0.429738 
GEMS OSe OSA NP Os2e5, S717 
197|—«|~-0.32025,~—Sss=~=<C*~“™:*SC‘“‘~*tC | SSCSC*‘(”«C«O«S 20S 0.432128 
12,02) | 0.329759 | 825) | (0.3226 
12.07] ~«|~o.g2tas]S—i]=SCsC=iTS*~“‘“‘(!«OCO«wBQOB! | 0.427007] 
| 2 EES 2S eee a) 0.318, 
Pp t2.15fSC*=Ci‘aTAS OO CdYSC«éi« NA [ 0.315) 0.423207 
0.315. 0.3145, "0.422082 
12:23) | 0.30975 7 0.308' ' 0.3115 0.419648 
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12.28 0.314 | 0.316 0.312 0.421152 


12.32 | 0.313 | 0.312 , 0.314 0.420011 
0.311 70.3115 ———=«0.4 14963 
1242. 0.3095, 0.309 0.31 0.41644 
12.45) 0.306 0.305 | 0.307 0.417925 
12.5 0.30425. | 0.304 | 0.3045 | 0.412897 
12.55. | 0.30025 0.299. | 0.3015. | 0.414395 
12.58 0.30275. | 0.304 ' 0.3015 0.411998 


0.3025 0.416103 
0.3 ' 0.408471 
0.416505 











( 





0.405927 





0.29625, 0.296. | 0.2965 0.407423 
13.07 0.29525. | 0.295 | 0.2955 0.405006 
13.12 0.29425 0.294 | 0.2945, 0.403896 
13.15. 0.29175, 0.291) ' 0.2925) 0.401483 

13.2) | 0.291" | 0.291. 0.291 0.402992 
13.25, | 0.29325 | 0.294 0.2925 0.400589 
13.28 0.2895 | 0.288 0.291 0.402084 
13.33, 0.28875 | 0.289 0.2885. 0.40099 
13.37, 0.286 | 0.285 | 0.287, 0.398587 

0.27825. | 0.276, ' 0.2805. | 0.400113 

0.2835 0.286. 0.281 

| 13.55) 0.402106 





0.39971 





0.394332 





| | ; | 0.384351 

13.93: 0.276 0.276 | 0.276 | 0.388512 
13.98. | 0.27525. | 0.275. | 0.2755 | 0.380924 
14.03. | 0.27575 | 0.276 | 0.2755 0.389 
14.07. 0.27525 0.275 0.2755 0.386633 
0.27125 O27 0.2725, | 0.385574 
14.17 0.2685 0.268 

| Se aE EE) ee ee ee a 1 a 
| 14.25) | 270s; TT | 27 Ct (0.3.8 2462 
| ozs) | o272) erm) 0.387947 
4433, SC*«d=Ci2 7575) SSC~CS:~C<“‘i TT) ~CCSC*«dSCi‘i TC «O.3 82983 
| 14.38) | (0.26875, | 0.266] | 0.2715] ss: 0.380609] 
| 14.42; sd] 0.26525 | 0.265 0.2655 
| 14.47) | (0.265 0.265, 
| 14.52, | 0.2665 0.267, 0.266 0.376242 
| 14.55) 0.264. 0.263. 0.265 0.377827 
Pe ide ze, CC tse] | zea | 0.972802 
[i465 «| «0.26128 ——Ss=‘“RSC=“‘<‘i ST CSCSC*C*dSC=Cié‘i( KO CC*C*C*d;C«C« 7992] 
[14.68] —~—~S*~*«S=Cia IS CCS*~*~*~dESC“‘éiai‘ TT C~CSC*S:«=Ciéia S| ~—SCC*di~«CO«3 72209 
| 14.73) | 58; | TCT 0.37382 
0.371532 
0.2615 _0.373145 
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14.87 _ 0.26125 0.261. 0.2615 0.372146 









14.9 | 0.25875 0.258 | 0.2595" | 0.376312 
14.95, 0.261, | (0.262. | 0.26 — os7 tai 
15) | 0.259. 0.258 0.265 | 0.370385 
15.03. 0.255 0.254 0.256 | 0.365488 
15.08. | 0.2555 0.256 0.255 | 0.367081 
15.12 | 0.2575, 0.258 
| | 
15.22 0.252 0.252, 0.252: | 0.36539 
0.2515, 0.365706 
15.3) 0.25325. 0.254 0.2525. 0.360847 
Le -) + - 0.2525. 0.362455 
15.38 0.2525 | sess | 252: 











15.43 | 0.24925. | | 
0.245, 0.244 | 0.246 0.358256 
15.52. 0.241. | 0.24 0.242 0.359906 
[15.57,~S*~‘“*;:*~ KTS C~C~dSC~C“‘ ~*~‘ «d;«CO.35:7693 
| 15.6) | 0.2475 0.247) 0.248; |: 0.359336) 
15.65 0.24925 | 0.25. 0.2485 | 0.360983 
15.7, 0.24775 , 0.247 0.2485 | 0.360035 
15.73. 0.2395 0.237. 0.242 ' 0.357801 
Seis) eras me 0.245 [0.241 _ 0.353017 
15.87 0.242 | 0.241 0.243 | 0.356352 
15.92) | 0.2425 | 0.243 0.242. 
16.97, | 0.243 | 0.243, 0.243, 
16 | 0.243 | 0.243 | 0.243 0.351042 
16.05. | 0.24225 | 0.242. 0.2425) | 0.350141 
Teme. 0.24125. 0.241. 0.2415: 0.351834 
16.13, 0.2395 | 0.239 0.24 0.349649 
| 16.18;  =————s«|s ss 0.2375 | 0.237, 0.238 0.348769 
16.22. 0.23325. | 0.232. 0.2345! 0.35049 
16.27, 0.23425 | 0.235 0.2335, | 0.348349 
16.32. 0.23875 0.24, ' 0.2375, 0.350088 
16.35 0.23775. | 0.237! 0.2385. 
e164 |CsCéO..2385 0.239 ! 0.238 | 0.347067 









16.48, | 234, 236 
16.53 0.23025 | 0.229 | 0.2315 0.339345 
0.229 | _0.229 0.229. 0.341123 
16.62. 0.22975 0.23 0.2295. 0.342908 
16.67 0.2315. 0.232 0.231, 0.338218 
Mee se a2 a2 (039998 
Pir en o22075\5 2 ozze | 23058 0.824349) 
P68 CT 22 2eot .229' —s|(0.339696 
Sic | soe | ozs a ozs | -osais| 
| _ IGE: DR Seer a ae) aa <a 
0.2275 3 
17.02] «| ~=023075,SC«dYC*~=‘i aT C*d?~Ci80B | (835.795) 
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Instrumented Synthesis Method [44] 


Description of the Method 


The starting point of the method is a_ collapsed-group point-synthesis 
approximation [45,46,47] in which the NG-element vector ¢ (t) of instantaneous fluxes ¢ 
en(t) in various energy groups g = 1,2,...,G and reactor regions n = 1,2,...,N is written as a 


linear combination of K precomputed expansion-functions (or basis-functional yk). 


A K 
a) =F) = oy ye (1) (1) 


The expansion functions are chosen as fundamental \-modes [47,48]. They are generated 
by performing a series of static critically calculations corresponding to various reactor 
conditions bracketing the expected transient conditions. The K unknown scalars, T(k)(t), 
are called "mixing coefficients". They depend only on time. In fact, in Eq. 1, all spatial 
and spectral effects have been "lumped" into the K expansion vectors WAK). The result is a 
drastic reduction in the number of unknowns from GxN (~ several thousand or more) to 
K (~ 10). 


To facilitate the discussion we introduce an error vector, 6¢(t), defined as 


6 b(t) = O(t) - H(t) (2) 


and rewnte Eq. | as 


; K 
(1) = (1) - 6t) = PF yey - 5 (1) (3) 
k=} 


259 





The main difficulty with Eq. 3 1s that a theoretical evaluation of an upper bound for 
116¢(t)!! is not possible in general because of the great flexibility allowed in the choice of 


the yk)'s, Eq. | relies on the assumption that, for not-too-fast transients, 6¢(t) represents 


only a small correction to a (t) and can therefore be neglected. Since the early days of 
synthesis methods, there has been considerable numerical evidence to corroborate that 
assumption. The physical reason for this success is that, for most transients of interest in 
light-water-moderated reactors, the prompt neutron population readjusts itself very rapidly 
(in less than a few milliseconds) to changes in the reactor conditions, and this very rapid 
readjustment (in both shape and amplitude) constitutes the major component of the overall 
dynamic effects. Other delayed effects (precursor redistribution or delayed feedback 
effects) leads to only minor changes in flux shape. 

Most of the numerical evidence in support of synthesis approximations, however, 
relied on tests performed only in 1-D or 2-D geometry because of the high computing- 
costs associated with 3-D finite-difference calculations. Today, modern computers and 
nodal diffusion codes make these 3-D calculations fairly inexpensive even for desktop 
machines. Therefore, it is now possible and of interest to assess the validity of Eq. 1 when 
the Y{K)'s result from 3-D static nodal calculations. 

One "standard" way to determine the mixing coefficients, T(K)(t), consists in 
substituting Eq. 1 into the time-dependent neutron diffusion equation for ¢(t) and in 
requiring the resulting formula to be true in a weighted integral sense. Alternatively, a 
variational formulation can be used [45,48]. In either case, the result is a set of K first- 
order, nonlinear, ordinary differential equations for the T(k)'s. In principle, finding a 
numerical solution to these equations is not too difficult provided all initial conditions are 
known. However, the determination of the various coefficients appearing in these 


equations (in the form of integrals) is not an easy task in general. In fact, some integrands 
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cannot be properly computed unless extra unknowns and additional equations are 
introduced. 

The present method is an attempt to avoid these complications by determining the 
T(k)'s in a more direct way. Rather than using global, theoretical information as in the 
above integral methods, local, experimental information in the form of flux-measurements 
is used. This is possible if one assumes that the reactor is equipped with a number of 
fixed, fast-responding, in-core neutron detectors (of the ‘fission chamber' or 'prompt self- 
powered’ type), each characterized by a known response-function. The output, COU)(t), of 


the j-th detector under a flux ¢ (t) is written as 


G N 
(t) = ()) si a 4 
(1) : De ite Vn Ye. eg) Sel een (4) 


or equivalently, using an inner-product notation, 


(i (j)' , 
Sxoe=ey f(t) i= 12 2.,J (5) 
The cross sections 5) in Eq. 4 result from homogenization calculations. The 
Sn 


summations have been extended to the entire core volume and neutron energy-spectrum, 


( 


with the convention that ry are zero outside the homogenization region. These 
n 
homogenized response-functions vary only slowly with time and no time-dependence is 
shown explicitly. V, is the volume of node n and has been absorbed in each element of 
(j)" 
the row vector ¥ J) in Eq. 5. 


Eq. 5 is a set of J “observation equations". For notation convenience, these 


equations as well as Eq. 3 are recast in matrix form as 


26) 





S(t) = @ - 6 S(t) =¥ T(t) - 8 8(t) (6) 


and 
> @(t) = C(t) (7) 


In the above matrix notation, y and )) are GN-by-K and GN-by-J rectangular matrices 


respectively. Substitution of Eq. 6 into Eq. 7 yields 


ry T(t) - 5 5 @(t) = C(t) (8) 
or simply 

AT(t) + E(t) = C(t) (9) 
where 

Azy'¥ (10) 


is a J-by-K matrix with positive entries (each entry is an inner product), and 
T 
E(t) =-y 6&(t) (11) 


is a column vector of length J of systematic errors. If one assumes that the unknown 


A 
error-vector 6 @(t) in Eq. 6 is small with respect to @(t) (in the sense of some vector 
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norm), then E(t) is also small with respect to A T(t) in Eq. 9. In these conditions, Eq. 9 
can be rewritten as 

A T(t) = C(t) (12) 
If A could be "inverted" (once and for all), then Eq. 12 could be solved for T(t) every time 
signals are received from the instrumentation. However, in general, J #K and therefore A 
is not square and cannot be simply "inverted". Nevertheless, a minimum-norm least- 
squares solution, T,s(t), can always be found. This least-squares solution can be 
substituted in Eq. 6 to determine 4 (t). From this reconstructed flux-vector, integral 
quantities such as fission power, amplitude function, and reactivity (inverse kinetics) can 
be computed [47]. This procedure appears quite straightforward and can be expected to 
be fast and fairly inexpensive. 

In fact, this simple idea of directly fitting precomputed expansion-functions to 
detector readouts is not new [49,50,51,52,53,54]. However, it seems that no result 
involving 3-D nodal expansion-functions has ever been reported. In addition, a number of 
difficulties with this procedure have not always been recognized. 

A first difficulty is with the error term, 6 ®(t), because as already mentioned no 
theoretical estimate is available to quantify this error. This is a direct consequence of the 
fact that, in general, no restriction is placed upon the method used to generated the 
expansion functions yk) and , once a method has been chosen, no prescription is given 
for selecting the particular reactor-configurations for which basis functions should be 
computed. On the other hand, this great amount of flexibility is also the key to the success 
of the flux-synthesis idea. 

Other potential sources of difficulties are uncertainties in the ¥ G's which may 
lead to systematic errors in both A and C(t) (Eq. 7). Errors of numerical of physical origin 
in the yAK)'s may worsen this bias in A. In addition, the vector C(t) will unavoidably 


contain random errors from measurement noise. 
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An additional, potentially serious, numerical problem arises from the fact that some 
of the expansive functions, y(k), making up the columns of the matnx y¥ may be almost 
linear combinations of other expansion functions. As a result, the matnix A= ¥ ly may 
be very ill-conditioned, i.e. almost rank-deficient. In some extreme cases, this ill- 
conditioning may lead to a least-squares solution of Eq. 12 which is completely 
meaningless because of roundoff-error amplification. The same problem may arise from 
row-redundancies when only a reduced number of detectors 1s used with symmetnes both 


in their locations and in the core composition pattern. 
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